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TEM Studies of Modulated Mixed A-site Perovskites
Abstract
This dissertation focused on a unique family of mixed A-site (A+A3+)(B2+W6+)O6 (A+ = Na, K; A3+ = La, Ce,
Pr, Nd, Gd, Tb; B2+ = Mn, Mg, Co, Ca, Sc) perovskites that form unusual and complicated structures
comprised of periodic nanoscale modulations in composition, structure, and strain. In the first phases of
the work these systems were investigated by electron diffraction, high resolution imaging, and Z-contrast
imaging using a conventional TEM. In the later phases of the work the application of these techniques
using aberration-corrected electron microscopes located at Oak Ridge National Laboratory yielded
insights to local variations in chemistry and local displacements of ions that were inaccessible using the
non-corrected instruments.
(NaNd)(MgW)O6 was found to form a two-dimensional nanocheckerboard modulation with a 14ap x 14ap
repeat involving both structural and chemical modulations. Two previously unknown perovskites,
(KLa)(CaW)O6 and (NaLa)(CaW)O6, were prepared in which large Ca2+ cations were successfully
incorporated onto the B-site. For (KLa)(CaW)O6, an incommensurate two-dimensional nanocheckerboard
modulation with a ~9.4x9.4ap repeat was observed. (NaLa)(CaW)O6 instead showed a one-dimensional
~16(110)ap modulation. This system has one of the lowest tolerance factors (0.892) ever reported.
Three of the above systems, (NaNd)(MgW)O6, (NaLa)(MgW)O6, and (NaLa)(CaW)O6 and one other
sample, (Na0.8Nd1.07)(MgW)O6Â¬Â¬ were investigated by high resolution Z-contrast imaging using
aberration-corrected STEM. In contrast to previously published reports, (NaLa)(MgW)O6 was not found to
show any evidence for compositional modulations. However both (NaNd)(MgW)O6 systems and
(NaLa)(CaW)O6 showed clear compositional segregation on the A-site. The sub-angstrom resolution of
the STEM images allowed characterization of small (~0.15Å) correlated ionic displacements of the A-site
columns from their ideal centered positions. A model for these displacements was developed based on
an a-a-c+ tilt scheme recently found in the closely related, non-modulated, (NaLa)(MnW)O6 system. When
combined with layered A-site ordering of an alkali and a rare earth, this tilt system has been shown to
induce "improper" ferroelectricity and ferrielectric polarization from antiparallel movements of the A+/A3+
cations. This model invoked the formation of periodic ferrielectric domains with four possible in-plane
(110)ap polar dipoles separated by a periodic array of 90° (100)ap and 180° (110)ap domain boundaries.
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ABSTRACT

TEM STUDIES OF MODULATED
MIXED A-SITE PEROVSKITES

Mark W. Licurse
Peter K. Davies

This dissertation focused on a unique family of mixed A-site (A+A3+)(B2+W6+)O6
(A+ = Na, K; A3+ = La, Ce, Pr, Nd, Gd, Tb; B2+ = Mn, Mg, Co, Ca, Sc) perovskites that
form unusual and complicated structures comprised of periodic nanoscale modulations in
composition, structure, and strain. In the first phases of the work these systems were
investigated by electron diffraction, high resolution imaging, and Z-contrast imaging
using a conventional TEM. In the later phases of the work the application of these
techniques using aberration-corrected electron microscopes located at Oak Ridge
National Laboratory yielded insights to local variations in chemistry and local
displacements of ions that were inaccessible using the non-corrected instruments.
(NaNd)(MgW)O6 was found to form a two-dimensional nanocheckerboard
modulation with a 14ap x 14ap repeat involving both structural and chemical modulations.
Two previously unknown perovskites, (KLa)(CaW)O6 and (NaLa)(CaW)O6, were
prepared in which large Ca2+ cations were successfully incorporated onto the B-site. For
(KLa)(CaW)O6, an incommensurate two-dimensional nanocheckerboard modulation with
a ~9.4x9.4ap repeat was observed. (NaLa)(CaW)O6 instead showed a one-dimensional
iv

~16(110)ap modulation. This system has one of the lowest tolerance factors (0.892) ever
reported.
Three of the above systems, (NaNd)(MgW)O6, (NaLa)(MgW)O6, and
(NaLa)(CaW)O6 and one other sample, (Na0.8Nd1.07)(MgW)O6 were investigated by high
resolution Z-contrast imaging using aberration-corrected STEM. In contrast to
previously published reports, (NaLa)(MgW)O6 was not found to show any evidence for
compositional modulations. However both (NaNd)(MgW)O6 systems and
(NaLa)(CaW)O6 showed clear compositional segregation on the A-site. The subangstrom resolution of the STEM images allowed characterization of small (~0.15Å)
correlated ionic displacements of the A-site columns from their ideal centered positions.
A model for these displacements was developed based on an a-a-c+ tilt scheme recently
found in the closely related, non-modulated, (NaLa)(MnW)O6 system. When combined
with layered A-site ordering of an alkali and a rare earth, this tilt system has been shown
to induce “improper” ferroelectricity and ferrielectric polarization from antiparallel
movements of the A+/A3+ cations. This model invoked the formation of periodic
ferrielectric domains with four possible in-plane (110)ap polar dipoles separated by a
periodic array of 90° (100)ap and 180° (110)ap domain boundaries.
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Abbreviations and Symbols

GIF: Gatan Image Filter
PXRD: Powder X-ray Diffraction
NPD: Neutron Powder Diffraction
HRTEM: High Resolution Transmission Electron Microscopy
TEM: Transmission Electron Microscopy
STEM: Scanning Transmission Electron Microscopy
ADF—STEM: Annular Dark-field Scanning TEM
HADF—STEM: High-angle Annular Dark-field Scanning TEM (Z-contrast imaging)
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Chapter 1: Introduction to Perovskites
The perovskite structure is undoubtedly one of the most important classes of
materials. With its ability to accept almost any metallic element from the periodic table,
perovskites have pervaded many different areas of technology by displaying properties
that include superconductivity, ferroelectricity, magnetism, magneto-resistance, ionic and
electronic conductivity, multiferroic behavior, as well as many others. This thesis will
focus on a growing family of perovskites that have been shown capable of displaying
unusual, complex, and periodic nanoscale structural and sometimes compositional
modulations.
The perovskite structure was named after the mineral CaTiO3, but now describes
any compound which has the same general structure and stoichiometry as a result of the
seminal work by Von V. M. Goldschmidt who studied the first synthetic perovksites.1,2
The ideal chemical formula of a perovskite unit cell is ABX3, where “A” and “B” are
both cations and “X” an anion. While there are three compositionally variable positions,
the X position is most often occupied by oxygen, which is true for all of the work
presented here. Therefore, a strong focus will be placed on the A- and B-site positions
and from this point oxygen is assumed to be the lone X anion.
The cubic perovskite aristotype has symmetry described by space group Pm-3m
with a structure that is generally viewed in one of two ways. The first likens aspects of
the structure to that of the nominal “rocksalt” ordered structure of NaCl. For NaCl, the
anions form a cubic closed packed structure. While the perovskite does not actually have
a close packed anion arrangement, the A-site cations lie within the planes of the oxygen
1

anions to yield AO3 close packed (111) layers with locations equivalent to those of the
Cl- anions in NaCl: The B-site cations then reside within all of the octahedral interstitial
sites due solely from the oxygen packing thereby creating BO6 octahedra.
The structure can also be viewed as corner sharing BO6 octahedra that form a
three dimensional network (see Figure 1). The A-site is the large interstitial site located
at the center of eight octahedra with a resultant 12-fold coordination. Considering
fractional coordinates, the A-site is found at (½, ½, ½), with the B-site cation at the origin
and the oxygen atoms located half way between the B-site cations at (½, 0, 0), (0 ½ 0),
and (0, 0, ½). If the A- and B-site locations are switched then the oxygen anions would
be found at face centered positions giving an equivalent structure.
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Figure 1: Ideal perovskite structure. This schematic shows more than a single unit cell to highlight the corner sharing
octahedral cage and resulting A-site cavity.

In an ideal perovskite structure, the lattice parameter ap is given by the geometry
of the hard sphere model as:
√
where rA, rB, and rO, are the radii of the A-site and B-site cations and oxygen anion
respectively.

1.1: Deviations from ideality
The perovskite structure is capable of accommodating almost any metallic
element in the periodic table. In doing so, it is highly unlikely that the sizes of the A- and
B-site cations allow for the above lattice parameter relationship to hold true. The
Goldschmidt tolerance factor t is used to describe how close to this ideal state a given
arrangement is and quantifies the relative mismatch in size of the A- and B-site cations.1
The tolerance factor is closely related to the lattice parameter derived above and defined
as:

√
The tolerance factor therefore acts as a general measure of expected stability, where a
value of 1 is ideal and recovers the previous ideal hard sphere based lattice parameter.
Any deviation from 1 indicates there is an instability which may be alleviated through a
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structural distortion, which causes a reduction in symmetry from the ideal Pm-3m space
group.
There are three main categories of distortions that lead to or accommodate
deviations from ideality: tilting of the BO6 octahedra, cationic displacements and
octahedral distortions, and ordering of cations on the A- and B-sites. The first two can be
viewed as displacive phase transitions where the ions undergo relatively small
displacements thereby changing the symmetry without major differences in the overall
geometric structure. The ability of the perovskite structure to distort so readily has
allowed for it to have such outstanding compositional flexibility and ultimately pervade
many areas of technology.

1.1.1: Octahedral Tilting
For perovskites the tolerance factor not only provides a general measure of
stability, but also acts as a predictor of what type of structural distortion is most likely to
occur for a deviation from the ideal value of 1 occurs. For example, structures with
values greater than 1 generally have stacking of the AO3 layers that can change from
cubic (ABCABC…) to hexagonal (ABAB…) and an accompanying transition to facesharing rather than corner-sharing BO6 octahedra. For t less than 1, however, tilting of
the BO6 octahedra is commonly observed; this is the case for every perovskite included in
this thesis. Considering the formula for tolerance factor, when the A-site cations are
undersized relative to the B-site cations a coordinated tilting of the octahedra occurs; this
has the effect of reducing the size of the A-site “cavity” and lowers the coordination
4

number of the undersized A-site cations. If the BO6 octahedra tilt in a rigid fashion, B-O
bond lengths remain unchanged, while the A-O bond lengths are reduced. As the
tolerance factor is decreased, the greater the magnitude of tilting to alleviate the
incongruity in size between the A- and B-site cations.
To describe the various combinations of tilt systems that may occur, a notation
was developed by Glazer.3 The octahedra can rotate about any of the three orthogonal
<100> axes as rigid units, because the B-O-B bond length remains unchanged the tilting
of one individual octahedral unit is necessarily directly related to the tilting of the
adjacent octahedra. The Glazer tilt system describes the relative magnitude and phase of
the octahedral tilts through the use of three characters and superscripts to create 23
different combinations or “tilt systems.” Considering first the relative magnitude of the
tilting, three different characters (a, b, and c) indicate that the tilts are all different and the
use of the same character implies equal tilts occur about the three axes. Superscript
values of 0, +, and – are used when the tilts are non-existent, in phase, or out of phase
respectively with respect to a particular axis. For example, a0b-c+ would describe a
system where the tilt has a different magnitude about each axis, with no tilting about the
x-axis, out of phase tilting about the y-axis, and in phase tilting about the z-axis. A
second example, a0b-b+, describes a similar system, but instead the y- and z-axis tilts have
equal magnitudes (see Figure 2).
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Figure 2: Schematic displaying a structure with the a0b-b+ tilt system. (a) The structure is viewed along [100] showing
no tilting occurs as denoted by a0; (b) The structure is viewed along [010] in which out-of-phase tilting occurs as
denoted by b-; (c) The structure is viewed along [001] in which in-phase tilting is observed with a magnitude that is the
same as the out-of-phase tilting shown in (b) as denoted by b+.

1.1.2: Cation Ordering
Cation order/disorder transitions play a major role in adjusting the crystal
structure, phase stability, and properties of many ABO3 complex oxide perovskites.
Ordered cation arrangements typically occur when the cations attempting to occupy a
given site have a significant difference in their valence, size, or coordination preference.
This mismatch creates an instability which can be alleviated by various types of
positional ordering. For stoichiometric A2(BB’)O6 perovskites with a 1:1 ratio of B:B’
cations, B-site ordering usually leads to a rocksalt-type structure with <111> layering of
the B and B’ cations (Figure 3); note that this and all subsequent spacings and directions
refer to the pseudocubic perovskite aristotype structure. The rocksalt-type order causes a
reduction in symmetry from the space group Pm-3m to Fm-3m. By considering over
400 examples of rocksalt ordering it has been shown when the oxidation state of the B
and B’ cations differ by greater than two then rocksalt ordering will occur and when they
differ by less than two a disordered state will likely result.4,5,6
6

Figure 3: (a) A rocksalt-type arrangement is shown which is commonly seen for a 1:1 ratio of B-site cations; (b)
<111> layering of B-site cations is highlighted by viewing the structure along [110].

While a 1:1 ordering is found in many systems, stoichiometric A3(BB2’)O9
perovskites, with a 1:2 B-site ratio also show <111> layering but in this case with a 1:2
layered repeat consisting of a single B cation layer followed by two B’ layers, i.e. a
{BB’B’} repeat (see Figure 4). This type of ordering was first observed in
Ba3(SrTa2)O9,7 and while it is less common than 1:1 ordering, it is found in
technologically important materials such as Ba3(ZnTa2)O9 and Ba3(ZnNb2)O9 where the
ordering plays a key role in mediating their dielectric properties. 1:3 ordered
arrangements are also found in A4(BB3’)O12 systems where the layering along <111>
consists of a {BB’B’B’} repeat. The first example of a 1:3 ordered perovskite is
Ba4(BB3’)O12 where B = Na+ or Li+ and B’ = Bi5+or Sb5+.8–10
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Figure 4: As viewed along [110], a 1:2 <111> layering is shown. This pattern is observed in some stoichiometric
A3(BB2’)O9 perovskites.

Compared to the numerous examples of B-site ordered perovskites, structures
involving the ordering of two different cations on the A-site are relatively rare (the
reasons will be discussed in the subsequent section 1.2). Within this short list, almost
every known example involves (001) layering of the different A and A’ cations (see
Figure 5), which results in P4/mmm symmetry.8,11 Even less common are other forms of
A-site order such as the rocksalt-type where only two compounds, NaBaLiNiF612 and
Na2BaFe4F12,13 have been found with long range order, and one other with short range
order, PbCaTi2O6.6,14 Columnar type arrangements are also rare, but have been reported
in (CaFe)Ti2O6 and (CaCu3)Ti4O12 (see Figure 6).15–17 For (CaFe)Ti2O6, high pressure
synthesis was used to create a perovskite with an a+a+c- tilt system, which had previously
not been observed. In this system, the tilting results in three distinct A-sites. The
8

smallest is distorted into square-planar and tetrahedral nearest-neighbor environments
and occupied by Fe2+ cations; the Ca2+ cations occupy the larger site. The tilting is
therefore essential in stabilizing this unusual type of order.

Figure 5: A-site ordered perovskite consisting of a layering of cations along [001] producing P4/mmm space group
symmetry.

While (CaFe)Ti2O6 represents a rare example of a compound with an a+a+c- tilt
system, many examples of a+a+a+ tilted perovskites exist with stable A-site ordering. The
a+a+a+ tilt system creates two different A-site environments, one allows for a 12-fold
coordination of the larger A-site cation and the other has the vastly reduced 4-fold
coordination environment for the smaller A-site cations. In these systems, coordination
preference and size act as driving forces for the ordered A-site arrangement.
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Figure 6: Columnar ordering of A-site cations as observed in (CaFe)Ti2O6. Note that this schematic does not show the
tilt system necessary to stabilize this rare form of A-site ordering.

(001) layered A-site order has been observed in several non-stoichiometric
systems to accommodate the incorporation of vacancies onto the A-site. Two examples
are La2/3TiO3 and (Nd2/3-xLi3x)TiO3. In La2/3TiO3, vacancies act as a separate species to
stabilize layered [001] order. One layer is fully occupied by La3+ while the second layer
has 1/3 occupancy of La3+ and 2/3 vacancies to yield an ordered (La)(La1/3vacancy2/3)
layering with La2/3TiO3 stoichiometry. While the vacancies provide a means of creating
two chemically distinct layers, the order is stabilized through occupancy of d0 cations on
the B-site. Through a second order Jahn-Teller distortion, the d0 Ti4+ cations are able to
displace from the center of their TiO6 octahedra towards the vacancy containing layer
(further discussion of Jahn-Teller distortions is presented in section 1.2). This alleviates
a bonding instability in the mixed A-site layer associated with an underbonding of the
neighboring oxygen anions.
10

The second example, (Nd2/3-xLi3x)TiO3, will be discussed in greater detail in
section 2.1, but the primary A-site ordering is similar to La2/3TiO3. In this case, the
ordering consists of fully occupied Nd3+ A-site layers alternating with layers that contain
a mixture of Nd3+, Li+, and vacancies. Once again the occupancy of the B-site by Ti4+ d0
cations allows for the bonding requirements of the anions within the mixed layers to be
satisfied. The occupancy of the A-site by Li+ in this system is unusual as the cations are
vastly undersized within the large A-site cavity. While undersized A-site cations would
normally be stabilized by large octahedral tilt angles, co-occupancy by larger Nd3+
cations prevents such large tilting. As a result, the Li+ cations undergo large
displacements from the centered A-site toward the faces of the unit cell to reduce their
coordination number from 12 to 4.18,19
A-site order is also observed in non-stoichiometric anion-deficient systems. A
frequently discussed example is the superconducting cuprate Ba2YCutO7-x20–22 where the
ordering is stabilized for this and other related systems because of the reduction in the
coordination environment for a fraction of the A-sites by the anion vacancies. In essence,
the anion vacancies and A-site coordination preferences/size difference have a synergistic
relationship making a stable perovskite possible. The presence of two different cations
with dissimilar coordination preferences combined with the altered A-sites produces a
driving force for them to order. In the case of the cuprate system for x = 0.5, the Y
cations have a coordination number of 8, while the Ba cations have a higher coordination
of 10.21
Finally, A-site ordering is also found within a family of mixed A- and B-site
perovskites with a general (AA’)(BB’)O6 stoichiometry. The order is again stabilized by
11

a d0 cation on the B-site (W6+); examples include (NaLa)(MgW)O6, (NaNd)(MgW)O6,
and (KLa)(MnW)O6. These materials are described in greater detail later and comprise
the major focus of this thesis.

1.1.3: Octahedral Distortions and Cationic Displacements
When a transition metal occupies the B-site in a perovskite it is possible for an
electronic degeneracy to occur in the ground state. A common example occurs with d9
Cu2+ ions, which possess a (t2g)6(eg)3 electronic ground state, where the t2g orbitals are
completely occupied, one of the eg orbital and a single electron in the other. This
configuration produces a degeneracy that may be lifted through a distortion that lengthens
the bonds along the z-axis and reduces the overall energy of the eg set. This so-called
first order Jahn-Teller distortion (or Jahn-Teller effect) is most commonly seen for d9
(such as Cu2+), d7 (low spin, such as Ni3+), and d4 (high spin, such as Mn3+) cations. The
distortions can be large and for example in the non-perovskite structure CuO (tenorite),
the environment is essentially converted into a square planar coordination where the two
elongated bonds are distorted to 2.87Å while four shorter are only 1.95Å.23
While the occupancy of the B-site by transition metal cations with odd numbers
of eg electrons can produce a first order Jahn-Teller distortion, octahedrally coordinated,
highly charged d0 transition metal cations can undergo second order Jahn-Teller
distortions.24–26 Common examples of cations undergoing this distortion include those
most relevant to this dissertation (W6+ and Ti4+) as well as Mo6+, Nb5+, and Ta5+. For a
second order Jahn-Teller distortion the octahedra are distorted through an off-centering of
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the cation from a normally centered position that lowers the d orbital energy significantly
through hybridization with the anion p orbitals. This mixing can often lead to a large
number of energy states with nearly the same energies and to remove these degeneracies,
a spontaneous distortion occurs.26 To achieve this state of mixing, the transition metal t2g
orbitals must be unoccupied, which is why second order Jahn-Teller distortions are only
observed for d0 cations.

1.2: Ordering and Stability
As noted previously ordering on the B-site is relatively common with over 400
known examples involving a rocksalt-type arrangement of cations.4–6 A-site order, on the
other hand, is rare in comparison and often relies on either anion or A-site cation
deficiencies to stabilize the layered arrangement of cations.8,11,27 Furthermore, while
rocksalt-type ordering is common for the B-site and represents the most electrostatically
favorable cationic arrangement for both sites, A-site ordering almost always is found as a
layering of cations along [001]. While numerous examples make it clear that rocksalttype and layered ordering are preferable for B- and A-site cations respectively, a
thorough argument explaining why this is true was only recently made.6,11
The overall infrequency of A-site ordering can best be understood by focusing on
the anion environment. [001] layering on the A-site creates three unique anion locations
as shown in Figure 7. Anion “(1)” is coplanar to the A cations and anion “(2)” likewise
within the A’ layer of cations. For a layered arrangement, there is a necessary difference
in size and/or oxidation state of the A and A’ species. Assuming A is smaller relative to
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A’, the anions coplanar to these labeled “(1)” and “(2)” are unable to shift in response to
the size difference as any movement toward one A-site cation lengthens the distance with
the other three equivalent A-site cations. The remaining 2/3 of the anions, labeled “(3)”
reside between the A and A’ layers and can instead shift towards the smaller layers to
help with any size induced lattice strains. Therefore, with this arrangement 2/3 of the
anions can accommodate a size difference, 1/3 cannot.

Figure 7: Layering of cations on the A-site in (AA’)BO6 perovskites produces three distinct anion environments.

If the A-site cations adopt a rocksalt-type arrangement, Figure 8a, every anion is
situated between two A and two A’ cations. With this arrangement the anions are all
“frozen” and unable to displace given a scenario where there is a significant size
difference. Figure 8b isolates the environment of nearest neighbors for a single anion to
illustrate the inability of the anions to displace in order to reduce any lattice strains
14

brought by the size differences. Any movement towards one of the smaller A-site cations
increases the bond length with the opposite cation. Furthermore, this rocksalt-type
arrangement creates a structure with Fm-3m symmetry where the anions occupy Wyckoff
site 24d, (1/4, 0, 0), a special position where the space group prohibits any movement.

Figure 8: (a) Rocksalt-type ordering of A-site cations leaves each anion in an equivalent environment where they are
surrounded by two A and A’ cations; (b) One anion is isolated to show the nearest neighbor A-site cations.

For B-site rocksalt order, however, a different set of anion environments are
created. First considering a layered B-site arrangement, this again creates a situation in
which some of the anions are in positions where they are unable to displace to
accommodate size differences of the B-site cations (see Figure 9). Now the anions
coplanar to the B-site cations are “frozen,” leaving only 1/3 of the anions able to move.

15

Figure 9: Layered ordering of B-site cations, which causes 2/3 of the anions to be in positions where they can’t
displace to alleviate strain from size differences.

For a rocksalt-type arrangement of B-site cations, Figure 10, every anion is
located in between one B and one B’ cation. In this scenario, every anion can displace
towards the smaller cation and away from the larger one. This arrangement again creates
an Fm-3m space group symmetry, but in this case the anions reside on Wyckoff position
24e, which is defined as (x, 0, 0), which allows size induced displacements to occur.
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Figure 10: Rocksalt-type ordering of B-site cations is shown, which represents the most stable and frequent
arrangement.

These size-based arguments explain not only the choice of rocksalt-type versus
layered ordering in A- and B-site ordered perovskites, but also the large difference in the
frequency with which perovskites undergo A- vs. B-site ordering. Although A-site
layered order is preferable to its rocksalt alternative it is not ideal as 1/3 of the anions
remain in rather unstable environments. Without another mechanism involved, such as
cationic or anionic vacancies or specific octahedral tilt systems, as discussed earlier, Asite ordering does not occur unless the B-site lattice is occupied by a significant fraction
of cations capable of undergoing the aforementioned second order Jahn-Teller distortion.
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(NaLa)(MgW)O6 was one of the first examples of a stoichiometric perovskite
discovered with A-site order.28 In this system ordering occurs on the A-site through a
layering of Na and La, and also on the B-site through a rocksalt-type arrangement of Mg
and W; the resultant space group is P4/nmm. As explained recently, the order on the Bsite is essential for stabilizing the simultaneous ordering on the A-site.6,11 This
synergistic relationship can be understood by focusing on the anion environments and
considering simple Pauling valence bond sums. In this approach, for each anion the sum
of the electrostatic bond strengths of the surrounding cations are compared to the charge
of the anion, where the electrostatic bond strength is defined as the oxidation state of the
cation divided by the number of surrounding bonded anions, i.e. the coordination number.
For [001] layered A-site systems there exist three distinct anion environments
(Figure 7). The O(3) ions are located between A+1 and A3+ layers. They are directly
bonded to two B-cations and have two A+ and two A3+ next nearest neighbors. As a
result they have an ideal bond valence sum of 2 (2(4/6) + 2(1/12) + 2(3/12) = 2). The
O(1) anions, which are coplanar with the A+ cations, are also directly bonded to two Bcations but have four A+ next nearest neighbors with an ideal bond valence sum of 10/6.
(2(4/6) + 4(1/12) = 10/6). The O(2) anions have four A3+ next nearest neighbors instead
and are overbonded (2(4/6) + 4(3/12) = 14/6). Therefore with this arrangement 1/3 of the
anions are over or underbonded.
To accommodate the overbonded and underbonded anions, the B-site contains a
second order Jahn-Teller cation that can displace toward the underbonded O(1) anions
and away from the overbonded O(2) anions thereby increasing and decreasing their
valences respectively. However, the occupation of the B-site by a d0 cation is not solely
18

capable of stabilizing A-site order. For example, (NaLa)Ti2O6 contains a d0 cation on the
B-site and yet shows no order on the A-site, while (NaLa)(MgW)O6 has strong A-site
order.11 Likewise, removal of the d0 W+6 cation in (NaLa)(MgW)O6 and replacing it with
Te+6 (not d0) maintains B-site rocksalt-type ordering and again causes a disordered A-site
arrangement.
For concurrent A- and B-site ordering, 12 systems are possible when the parent
space group P4/nmm is considered alongside simple in- or out-of-phase tilt schemes (see
Table 1).11 P21 is the most common tilt system, namely a-a-c+. The P21/m (a-a-c0) has
been argued to be the prevalent tilt system for the materials considered in this
dissertation.

Table 1: Possible subgroups formed due to octahedral tilt combinations based on the P4/nmm parent space
group (table adapted from 11)

Subgroup
Pmaa
P-42m
P4212
C2/m
P21/m
P4/n
P222
P112/a
P-4
C2
P21
P-1

Tilt System
a+b0c0
a+ a+ c0
a0a0c+
a+b-c0
a-a-c0
a0a0ca+b+c+
a+b-c0
a+ a+ ca-b0c+
a-a-c+
a-b-c-
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Chapter 2: Background
2.1: (Nd2/3-xLi3x)TiO3
Recently, the ordered A-site (AA’)BO3 perovskites have received increased
attention following the observation of unusual periodic nanoscale phase separation in
solid solutions of the lithium ion conducting (Nd2/3-xLi3x)TiO3 system for samples within
the range of 0.047 < x < 0.151.29,30 As described previously in these and other related
systems ((Ln2/3-xLi3x)TiO3, where Ln = La, Nd, or Pr), the order on the A-site involves
(001) layers of fully occupied lanthanide cations alternating with layers containing a
mixture of lanthanide cations, lithium cations, and vacancies.31,32,33,34

Figure 11: (a) SAED pattern acquired with the beam oriented along [001]. Splitting of the (½ ½ 0) reflection into a
cross-shaped pattern is indicative of two-dimensional twinning of the octahedral tilt system; (b) The corresponding
HRTEM image is shown in which two main forms of contrast are present. Depending on the thickness of a region
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within a grain, a checkerboard or diamond-like contrast were observed, highlighted on the right and left sides
respectively (figure adapted from ref. 29)

Figure 11a shows a selected-area electron diffraction (SAED) pattern acquired
with the beam oriented along [001] for a grain of composition (Nd0.53Li0.43)TiO3.
Grouped around each of the primary perovskite reflections are a series of well-defined
satellites indicating the presence of a modulation. Also apparent in the SAED pattern is a
cross-like pattern of satellites centered around (½ ½ 0), which was argued to be the result
of periodic two-dimensional octahedral tilt-twin boundaries oriented along [100] and
[010] (Figure 12). This same cross-like pattern was first observed in Th1/4NbO3
(ThNb4O12), another A-site system with layered order of Th+4 and vacancies, where twodimensional domains oriented in a periodic fashion with boundaries parallel to (100) and
(010) lead to similar (½ ½ 0) peak splitting in diffraction patterns (Figure 13a).35
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Figure 12: Schematic diagram of an a-a-c0 tilt system with two-dimensional periodic tilt-twin boundaries (black dashed
lines).

(h/2 k/2 l/2) reflection splitting had also been observed in one other system, (La1/3xLi3x)NbO3,

and was again explained by two-dimensional octahedral tilt twinning (see

Figure 13b).36
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Figure 13: (a) SAED pattern for ThNb4O12 acquired with the beam oriented along [001] in which splitting of the (0 0
½) peak occurs due to two-dimensional periodic tilt-twinning (adapted from ref. 35); (b) SAED pattern for (La1/3xLi3x)NbO3 acquired with the same orientation as (a) with splitting of the (½ ½ 0) peaks again due to twinning across
(100) and (010) tilt boundaries (adapted from ref. 36).

Further evidence for the existence of periodic octahedral tilt-twin boundaries was
provided by a neutron diffraction study of (Nd7/12Li1/4)TiO3.37 A simulated neutron
diffraction pattern was also created based on a 14ap x 28ap x 2ap unit supercell, consisting
of an underlying a-a-c0 tilt system and two-dimensional periodic tilt-twin boundaries
(Figure 12 shows a smaller 16ap x 10ap supercell instead for clarity). The quality of fit of
the two patterns provided support for both the chosen tilt system and existence of twodimensional periodic tilt-twin boundaries.
Accompanying the SAED pattern for (Nd2/3-xLi3x)TiO3 is a high resolution
transmission electron microscopy (HRTEM) image (see Figure 11b). In the thicker
regions of the crystal, a checkerboard strain pattern is apparent (highlighted in the lower
right). In the thinner regions, a diamond-like contrast is revealed consisting of two
structural regions (highlighted on the left side). Square domains define a region where
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doubled (110) plane d-spacings are apparent. In between the square domains is a second
structural region where no additional fringes are observed. The square domains are
arranged regularly within the disorder regions giving a 14ap x 28ap C-centered supercell.
Structural simulations were performed to investigate the presence of doubled
(110) plane d-spacings within the square regions. A combination of Ti4+ displacements
along [110] and [-1-10] as well as Li+ cations displacements into the face centered
positions gave the best fit.18,19,29
To further investigate the observed contrasts, high-angle annular dark-field
scanning TEM (HAADF-STEM), also called Z-contrast imaging, was utilized and
showed a modulation in which dark regions are separated by wavy light regions
indicative of a change in Z, and therefore composition, between the two regions.
Matching this modulation to the diamond-like contrast, it was argued that the material
was likely phase separating into regions of a Li-rich end-member (NdLi)Ti2O6 separated
by Li-free regions of Nd4/3Ti2O6, which correspond to the diamonds and bordering
regions respectively. The layered [001] A-site order in the (NdLi)Ti2O6 regions allows
for the undersized Li+ cations to displace, which represents the driving force for the
observed phase separation.
By altering the relative ratio of the two end members, a relative change in the size
of the diamond and boundary regions was observed in HRTEM images providing further
evidence for phase separation. Furthermore, a concurrent change in the superlattice size
was observed from as small as 12 x 20ap to 26 x 28ap. While tunable, the two resulting
phases show little chemical or functional contrast between them so various B-site
substitutions including Mn3+, Cr3+, and Al3+ cations were made into the Nd2/3TiO3 phase.
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It was predicted that these trivalent cations would follow the phase separation and exist
only within the region formally occupied by the Nd2/3TiO3 end member. HRTEM and Zcontrast together provided evidence towards a successful substitution and phase
separation. Depending on the substituted cation, various morphologies were observed:
Al3+ substitutions created combined striped and checkerboard morphologies, Cr3+ led to
lamellae structures, and Mn3+ produced complex pseudonanocheckerboard patterns that
when further annealed formed a diamond-like morphology.

2.2: (AA’)(BB’)O6 systems
Extensive work has been done on another class of systems with layered A-site
ordering of alkali and rare earth cations. These (AA’)(BB’)O6 systems also have
characteristic rocksalt-type ordering of the B-site cations. Following seminal work on
(NaLa)(MgW)O6 and (NaLa)(ScNb)O6, which explained how these structures are
stabilized, six more (AA’)(BB’)O6 perovskites were synthesized including
(NaNd)(MgW)O6, (NaLa)(MnW)O6, (NaNd)(MnW)O6, (NaTb)(MnW)O6,
(NaNd)(CoW)O6, and (KLa)(MnW)O6.11,38 Each were made phase pure except for
(NaNd)(MgW)O6 where a small unknown peak could not be fit. Furthermore, for
(KLa)(MnW)O6, (NaNd)(MgW)O6, (NaNd)(CoW)O6, (NaLa)(MgW)O6,
(KLa)(MgW)O6, and (NaLa)(ScNb)O6 additional peaks were found in neutron diffraction
patterns that could not be indexed using combinations of octahedral tilt systems and
cation ordering.38,39
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2.2.1: (NaLa)(MgW)O6
To investigate the unusual peaks observed in neutron diffraction patterns
(NaLa)(MgW)O6 was investigated with TEM.40 In addition to peaks from the A- and Bsite ordering, the SAED patterns of (NaLa)(MgW)O6 show discrete satellites along g100
and g010 corresponding to a modulation with a repeat distance of 12ap (see Figure 14a).
The satellites imply the modulation is not one-dimensional, however HRTEM images
reveal the modulation is in fact one-dimensional in the form of stripes, Figure 14b, with a
12ap repeat. The images show two orientational variants of the structure, each
perpendicular to each other (see Figure 14c), co-exist in the grains and the SAED pattern
in Figure 14a is therefore the combination of the diffraction patterns created in each
region; a fast Fourier transform of Figure 14c also confirms this as the resulting pattern is
identical to that of the SAED pattern as expected (see Fig. 4 of ref. 40).
The stripes the HRTEM images are each 6ap and recover the 12ap periodicity
observed in the SAED patterns. Also apparent in this system, as was discussed for the
(Nd2/3-xLi3x)TiO3 system earlier, are lattice fringes along [110] with an antiphase
relationship between adjacent stripes. While no model was proposed, it was mentioned
that likely points towards a √2ap x √2ap x 2ap unit cell to explain the fringes within each
stripe.
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Figure 14: TEM image showing the periodic striped pattern thought to be the result of one-dimensional phase
separation in the (NaLa)(MgW)O6 system (images combined from figures in reference 40). (a) SAED pattern resulting
from the one-dimensional modulation occurring in two directions; (b) a 12ap modulation consisting of 6ap light and
dark stripes; (c) a region where two perpendicularly orientated domains meet.

The compositions of the dark and light striped regions were investigated using
annular dark field (ADF) STEM imaging and scanning TEM-electron energy-loss
spectroscopy (STEM-EELS). ADF-STEM images showed a compositional modulation
consisting of dark and light stripes each 6ap in width, again matching the periodicity of
the HRTEM images. STEM-EELS scans were acquired using the La M4,5 edge in regular
intervals along a straight line perpendicular to the stripes. The intensity of these scans
showed a sinusoidal pattern again corresponding to repeat distances of 12ap in the La
composition. As a result of the STEM-EELS work along with the fact that the stripes
should be charge neutral and free of cation interstitials, García-Martín et al. concluded
the stripes likely arise from phase separation into regions of Na-rich (NaLa)(MgW)O6
and Na-deficient La4/3(MgW)O6 phases.40 However, attempts to alter the modulation by
examining compositions along the (NaLa)(MgW)O6 – La4/3(MgW)O6 tie line proved
unsuccessful, which lead to the conclusion that the composition of the La4/3(MgW)O6
regions is not fixed, but variable across the stripe.
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Following these initial findings, further work was carried out on (NaLa)(MgW)O6
including neutron powder diffraction (NPD) to gain a better understanding of the
complex octahedral tilt patterns that likely accompany these modulations.41 While the
expected supercell sizes prevented rigorous Rietveld refinements, modeled NPD patterns
were utilized to determine the structure. Based on SAED patterns and TEM images, it
was proposed that the a-a-c0 tilt system is periodically twinned with a 6ap periodicity. The
resulting simulations yielded good agreement with the experimental patterns.
TEM image simulations were also conducted using various models, the first of
which involved only a periodically twinned octahedral system. The resulting image
produced a TEM image with no contrast differences along the a-axis direction, which is
taken to be perpendicular to the striped contrast. A second model took into consideration
changes in the W6+ displacements since the tilt twinning could alter their magnitude.
However through bond-valence sum calculations and a previous study on
(NaLa)(MgW)O6 it was argued that a twinned displacement of only 0.07Å likely occurs
along the b-axis direction, i.e. parallel to the striped contrast, which again showed no
stripes in the simulations.
Since W6+ displacements and coupled octahedral tilt-twinning were not enough to
create the observed contrast differences in TEM images, a compositional change across
the twin boundary was added to create two compositionally dissimilar regions. The two
scenarios considered involved stripe compositions (NaLa)(MgW)O6/La4/3(MgW)O6 and
(NaLa)(MgW)O6/(La5/4Na1/4)(MgW)O6 – each of which involve an overall loss of Na.
Both compositional models yielded a striped pattern. This topic will be discussed in
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Chapter 8 since recent findings contradict the formation of a compositional modulation in
the (NaLa)(MgW)O6 system.

2.2.2: (KLa)(MnW)O6
Several (AA’)(BB’)O6 systems were found to have extra peaks in neutron
diffraction patterns that could not be easily indexed with simple octahedral tilt patterns
and cation ordering. It was speculated that since (NaLa)(MgW)O6, with a tolerance
factor of 0.952 formed structural and compositional modulations, that other compounds
exhibiting additional peaks but with different tolerance factors would alter the observed
modulations. (KLa)(MnW)O6 was therefore investigated as it has a tolerance factor of
0.986.42
While nominally similar to (NaLa)(MgW)O6, the SAED pattern and HRTEM
images of (KLa)(MnW)O6, Figure 15a and b, show a two-dimensional checkerboard
modulation in contrast to the one-dimensional patterns found for the (NaLa)(MgW)O6
system. Viewing the HRTEM image as a checkerboard pattern, each light and dark
region is 5 x 5ap, thereby creating a 10 x 10ap repeat in the a-b plane. The pattern can
also be viewed as dark diamond shaped regions separated by lighter regions. 1/2[110]
lattice fringes were again observed and credited to tilting of the octahedra. The SAED
patterns show the same splitting of the reflections at the (½ ½ 0) position observed in the
(Nd2/3-xLi3x)TiO3 and Th1/4NbO3 systems.

29

Figure 15: (a) SAED pattern acquired for (KLa)(MnW)O6 along [001] in which the satellite spacing corresponds to a
10x10ap repeat; (b) HRTEM image of (KLa)(MnW)O6 showing a two-dimensional modulation (images taken and
combined from reference 42).

To investigate the possibility of a compositional modulation in (KLa)(MnW)O6
HAADF-STEM imaging was again utilized. As shown in Figure 16a, light regions of a
locally heavier composition were observed. Figure 16b shows another, lower resolution,
HAAD-STEM image used in conjunction with STEM-EELS line scans along the blue
and red lines. By using the La-M4,5 and Mn-L2,3 edges, it was claimed that there is a
modulation in the lanthanum but not manganese content.
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Figure 16: (a) HAADF-STEM image acquired with a collection angle of ~30mrad along [001] for (KLa)(MnW)O6
showing locally brighter (higher Z) regions arranged in a periodic fashion; (b) HAADF-STEM taken under the same
conditions as (a), but with significantly lower resolution (images adapted from reference 42).

Based on the STEM-EELS data coupled with the strong similarities to the
(NaLa)(MgW)O6 system the authors argued an analogous phase separation model was
applicable. The system was proposed to consist of two different nanophases. The first
was suggested to maintain (KLa)(MnW)O6 stoichiometry while the second region was
claimed to be La-rich and K-poor with a composition (K1-3xLa1+x)(MnW)O6 with an
undefined x value.
Two models were proposed to correlate the structural and compositional
modulations. The first, Figure 17a, described a scenario where the La-rich regions are
located at the regions where the two tilt boundaries meet, with the La-poor regions in
islands separated from each other. A second model involved a checkerboard pattern in
which the La-rich regions are square and touch other La-rich regions at the corners. For
the second model it is evident how a checkerboard type modulation could arise, while
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this is less clear in the first model. Figure 17b shows the proposed overlay of the second
model on an HAADF-STEM image. It should be noted the model is not consistent with
the higher resolution HAADF-STEM image in Figure 16a, which appears to support
model 1.
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Figure 17: (a) Proposed models for (KLa)(MnW)O6; (b) Model 2 from (a) overlaying an HAADF-STEM image
showing the correlation between the two (images adapted from reference 42).
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2.2.3: (NaCe)(MnW)O6 and (NaPr)(MnW)O6
Recently TEM studies were repeated for (NaCe)(MnW)O6 and (NaPr)(MnW)O6.
For (NaLn)(MnW)O6 systems, where Ln = Ce, Pr, Sm, Gd, Dy, or Ho, it was shown that
the size of the Ln cation determined whether a monoclinic or tetragon unit cell would
form as measured by PXRD data.43 Because (KLa)(MnW)O6, metrically tetragonal in
PXRD patterns, was shown to exhibit complex structural and compositional modulations
several tetragonal members of the (NaLn)(MnW)O6 series were investigated by TEM to
see if similar features exist. (NaCe)(MnW)O6 and (NaPr)(MnW)O6, were chosen based
on these criteria as well as their relatively low tolerance factors of 0.926 and 0.924
respectively since tolerance factors were claimed to influence the observed
modulations.42,44

Figure 18: (a) SAED pattern for (NaCe)(MnW)O6 acquired along [001] showing satellites persisting along [100] and
[010] corresponding to a ~14.9ap incommensurate modulation; (b) Corresponding TEM image showing a two
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dimensional checkerboard pattern of light and dark regions each approximately 7.5x7.5ap (images adapted from
reference 44).

SAED patterns and HRTEM images were again acquired to look for supercell
formation. For (NaCe)(MnW)O6, SAED patterns acquired parallel to [001] showed
satellites along both g100 and g010 corresponding to a ~14.9ap incommensurate repeat (see
Figure 18a). Figure 18b shows a corresponding TEM image, again along [001], which
reveals a checkerboard pattern similar to those in the (KLa)(MnW)O6 and
(NaNd)(MgW)O6 systems. In this case the light and dark square regions are
approximately 7.5x7.5ap, which recovers the modulation observed in Figure 18a. The
sizes of the regions are not constant, which explains the existence of the incommensurate
modulation. Doubling of the (110) plane d-spacing can also be observed and was again
attributed to octahedral tilting.

Figure 19: (a) SAED pattern for (NaPr)(MnW)O6 acquired along [001] showing satellites persisting along [100] and
[010] corresponding to a ~21.7ap incommensurate modulation; (b) Corresponding TEM image showing a two
dimensional checkerboard pattern of light and dark regions (images adapted from 44).
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(NaPr)(MnW)O6 also forms an incommensurate two-dimensional modulation,
which was measured to have a ~21.7ap repeat (SAED pattern, Figure 19a). Light and
dark regions from a checkerboard pattern are again apparent, Figure 19b, however the
modulation shows more variability compared to (NaCe)(MnW)O6 and measurements of
the dimensions of individual regions were difficult.
In this work it was also proposed that a trend exists for the entire (AA’)(BB’)O6
modulated perovskite family. It was suggested that large tolerance factors reduced the
wavelength of the modulation.44

2.2.4: (NaLa)(MnW)O6
While classical ferroelectricity in perovskites, where cations displace relative to
the surrounding anions to produce a spontaneous dipole, was first discovered in the
1940’s by Arthur von Hippel, it was recently determined that ferroelectricity could be
induced through octahedral tilting (or more generally non-polar instabilities). These
perovskite systems are given the title “improper ferroelectrics.”45,46 However, it should be
noted the term “improper ferroelectrics” dates back to 1974, when the idea of a physical
property other than the polarization represents the order parameter of the phase
transition.47 This discovery garnered great interest because of its impact on the field of
multiferroics as it represents a new path to engineering ferroelectricity.
Several compounds have been reported where non-polar instabilities create a
polarization through a coupling of two different rotational modes.48,49 One example is a
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thin film PbTiO3 and SrTiO3 system which was studied using density functional theory
within the local density approximation.46 The trilinear coupling in the free energy of this
material responsible for the induced polarization was described by F ~ P(Q1Q2), where P
is the polarization amplitude and Q1/Q2 are the amplitudes of the two rotational
modes.50,51 While each rotational mode is described by a non-polar space group that does
not allow for such a polarization, the coupling of the two modes produces a different,
non-centrosymmetric space group where the polarization is permitted
crystallographically.52 Through this unique coupling of octahedral layers, a polarization
forms of 26 µC cm-2. SrBi2Nb2O9, was also found to have polarization induced by the
coupling with two rotational modes.53
During their structure refinement of (NaNd)(MnW)O6 and (NaTb)(MnW)O6,
King et. al also reported that when an in-phase rotation about the c-axis is added to the aa-c0 tilt system of (AA’)(BB’)O6 perovskites, the inversion center is lost and P21
symmetry is expected.38 The modulated (AA’)(BB’)O6 systems described in sections
2.2.1-2.2.3 ((NaLa)(MgW)O6, (KLa)(MnW)O6, (NaCe)(MnW)O6, and (NaPr)(MnW)O6)
were all reported to have P21/m space group symmetry with a non-polar a-a-c0 tilt system.
However, neutron refinements of three other systems, (NaLa)(MnW)O6,
(NaNd)(MnW)O6, and (NaTb)(MnW)O6, which showed no evidence for weak additional
reflections in their neutron patterns – a signature characteristic of nanomodulated systems
– gave excellent fits to a non-centrosymmetric P21 space group with an a-a-c+ tilt system.
(NaLa)(MnW)O6 was recently studied further by ab initio density functional
theory calculations and it was determined there again exists a coupling of the Q1 and Q2
instabilities that together induce an approximately 16 µC cm-2 polarization.48,54 The
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coupling of the tilt modes and formation of the A-site order was critical in yielding a
ferrielectric type polarization. In this structure the La3+ cations displace away from
centered A-site positions in a direction which is opposite to the displacement of Na+
cations. The ferrielectric polarization results from the different magnitude and charge of
the two A-site species. This will be described further in a later chapter.
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Chapter 3: Motivation
Chronologically, the research in this thesis was initiated immediately following
the discovery of structural and compositional nanoscale modulations in the (Nd2/3xLi3x)TiO3

and (NaLa)(MgW)O6 systems. As discussed, it had been demonstrated that

the unusual modulations in (Nd2/3-xLi3x)TiO3 could be tuned and that substitutions of
Al3+, Mn3+, and Cr3+ were possible. It was unknown if other morphologies could be
made and whether the existence of undersized Li+ ions on the A-site is critical to forming
these structures. As this work was beginning it was reported that a striped morphology
also forms in (NaLa)(MgW)O6. The mechanisms involved in the Li-free system were
unclear.
Following the discovery of these two modulated systems, several critical
questions arose that acted as guides for this thesis. It was unclear if other chemical
substitutions could be made into the Li+ containing system and if these would have any
effect on the supercell sizes and morphologies. While the small size of Li+ was reported
as critical in promoting the nanoscale modulations in (Nd2/3-xLi3x)TiO3, the larger size of
Na+ could imply different mechanisms in the Li-free system, alternately an entirely
different driving force could be at play for both systems. While two-dimensional
checkerboard and one-dimensional striped patterns were reported it was unclear if other
supercells and morphologies could be stabilized.
During this thesis several other groups have investigated these and other related
systems. For example modulations were discovered in a K+ system (see section 2.2.2),
therefore new questions arose as to why these show similar behavior. For (Nd2/3xLi3x)TiO3

and (NaLa)(MgW)O6 compositional modulations were argued to accompany
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the structural modulations and both were described in terms of periodic nanophase
separation. A goal of this work was to ascertain if changes in local chemistry are always
associated with this behavior.
Finally, it was recently determined that (NaLa)(MnW)O6 and (NaNd)(MnW)O6
are “improper” ferroelectrics and act as ferrielectric materials with significant
polarizations. Given the close similarity between these systems and nanomodulated
materials the role of local polarization in the modulations is something that needed to be
clarified. From this point on, the work referred to in Chapter 5 through Chapter 11 was
conducted by this author and will be presented in a chronological order.
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Chapter 4: Experimental
4.1: Solid State Synthesis
All of the materials created in this dissertation were synthesized by standard
ceramic methods. To begin, high purity powders, including K2CO3 (400°C), Na2CO3
(700°C), La2O3 (1000°C), Nd2O3 (1000°C), MgO (1000°C), CaO (700°C), and WO3
(1000°C), Li2CO3 (400°C), Co3O4 (600°C), TiO2 (600°C) were dried overnight at the
indicated temperatures and then stored in a desiccator. This process ensures more
accurate measurements during the weighing process. After weighing and mixing the
powders, they were generally calcined at 900C for 3 hours (at times 4 hours was used).
Following this step the powders were ground prior to the rest of the subsequent heat
treatments. The samples were then split in half. Half of each sample was pressed into a
pellet using a uniaxial press. To minimize any loss of alkali metals due to volatilization,
the other half of the calcine was used as a “sacrificial” powder to surround the pelleted
portion. Following the heat treatment, the sacrificial powder was separated from the
pellets. The pellets were then ground and a small amount was used to make an XRD
slide to check the purity of the powder. Until a single-phase perovskite was produced,
the repeated combination of grinding and heating while protecting the pellet was used. In
general, heat treatments around 1100C were necessary to form a pure sample. Once a
given sample was synthesized and deemed phase pure or at least almost entirely a
perovskite phase with small impurity concentrations, it was slowly cooled at a rate of
3C/hour to around 600C; sometimes samples were removed even earlier since around
700C the kinetics are already severely hindered.
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4.2: Sample Characterization
4.2.1: Powder X-ray Diffraction
Laboratory x-ray diffraction was utilized to determine the phase composition and
structure of the samples. This work was done mainly on a Rigaku GiegerFlex D/Max-B
diffractometer running at 45kV and 30mA (Cu Kα radiation). Almost every scan was
conducted at a scan rate of 3 per minute from 10-70 (2ϴ). For high temperature
characterization, a Siemens D500 diffractometer running at 40kV and 40mA was utilized
(Cu Kα radiation). A platinum strip with a thermocouple attached underneath acted as the
sample holder. A select few sample were studied with synchrotron powder x-ray
diffraction with data collected at Argonne National Laboratory with λ = 0.41225Å.

4.2.2: Conventional Transmission Electron Microscopy
TEM samples were made by dispersing a sonicated ethanol slurry of ground
powder onto lacey carbon-coated copper grids. Most of the TEM analysis was conducted
on a JEOL 2010F TEM operating at 197 kV. All work on the JEOL 2010F used a
condenser aperture of 150μm, which gives a beam-convergence semiangle (α) of
24.65±0.97mrad. Imaging was done either on film or digitally using a Gatan Imaging
Filter (GIF). Film exposures were developed and scanned manually. For selected area
electron diffraction (SAED) patterns, film is the only option; exposure times depend on
the observed intensity due to factors such as the dimensions of the crystal (mainly
thickness), but generally varied between 5 and 15 seconds. A camera length of 60cm was
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used for every pattern to allow for them to be directly compared and a beam blocker was
utilized through the exposure or removed near the end at times to allow for more of the
pattern to be exposed.

4.2.3: HAADF-STEM (Z-contrast) imaging
High-angle annular dark field scanning tunneling electron microscopy (HAADFSTEM or Z-contrast imaging) is a technique capable of sub-Angstrom resolution direct
imaging of crystal lattices.55 Before considering this specialized technique, the basic
STEM setup should be explained first. In a STEM, electrons are focused to a very small
size (around an angstrom), which then act as a probe to serially scan across a sample.
This is in contrast to conventional TEM in which what is essentially a wide beam of
electrons reach the sample thereby producing an entire image without scanning since the
magnification step occurs after the specimen. While this can be advantageous in that an
entire image is gathered at once, it is also problematic because it makes interpretation of
the acquired signal difficult since both the thickness and focus drastically affect the
contrast.
As the focused beam of electrons passes through the sample (during simultaneous
scanning) diffraction occurs and a small portion scatters at large angles. In Z-contrast
imaging, these electrons scattered through high angles due to Rutherford scattering are
collected using an annular detector, thereby omitting the small angle scattered electrons.
Images are formed in which then intensity is approximately proportional to the atomic
number squared, i.e. Z2.
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Z-contrast imaging was chosen for this study over conventional bright-field TEM
imaging for several reasons. While conventional TEM images are useful, they suffer in
their inability to be easily interpreted due to the convolution of signals in the observed
images. This is especially obvious in samples in which large amounts of strain are
present. Z-contrast images, however, provide a direct mapping of crystal lattices without
the need for simulations in their interpretation. Z-contrast images also are not sensitive to
thickness and defocus again aiding in the interpretation of gathered images.
STEM samples were prepared by making a sonicated mix of ethanol and finely
ground powder from the protected pellets dispersed onto a lacey carbon-coated copper
grid. STEM analysis was done on two different instruments. One was an FEI Titan
aberration-corrected microscope operating at 300 kV and equipped with a dodecapole
corrector (CEOSGmbH) for the electron probe, as well as a GIF 2001 post-column
imaging filter. The probe convergence semiangle was 27.5 mrad, the inner detector
semiangle used for high-angle annular dark-field (HAADF) imaging was 80 mrad. The
second instrument was a VG HB603U microscope operated at 300 kV and equipped with
a Nion aberration corrector. The probe convergence semiangle was 23 mrad and the
inner detector semiangle for HAADF (Z-contrast) imaging was 65mrad. For portions of
the earlier work, Z-contrast imaging was done on the JEOL 2010F using an inner detector
semiangle of 54.9 mrad (for example Figure 30).
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Chapter 5: A- and B-site substitutions into Li-based
Nanocheckerboards
These first experiments in this work focused on making various substitutions into
the (Nd2/3-xLi3x)TiO3 checkerboard in an attempt to introduce new types of functionality
and expand the library of nanomodulated systems. Some of the substitutions acted as a
continuation of the work described in section 2.1, where various substitutions were made
in an attempt to create chemical contrast between the two phase-separated regions.

5.1: x(Nd1/2Li1/2)TiO3 – (1-x)NdCoO3
Various trivalent cations have been substituted for Ti4+ in the Nd2/3TiO3 endmember of the solid solutions with (Nd1/2Li1/2)TiO3.56 While Mn3+, Cr3+, and Al3+ were
substituted previously in this work, Co3+ substitutions were attempted in order to make
x(Nd1/2Li1/2)TiO3 – (1-x)NdCoO3 solid solutions. Co3+ is well known to undergo a
number of interesting spin transitions in several rare earth based perovskites and it was
speculated successful incorporation into the modulated Li+ system could yield interesting
behavior.
Figure 20 (lower pattern) shows a PXRD pattern collected from a sample with x =
0.75. It was found samples could only be made phase pure by quenching them in air
from 1325°C. Various temperatures and heat treatment steps were utilized, but this
quenching step was found to be the only successful route of avoiding significant impurity
concentrations, other than reducing the concentration of Co3+ substantially. Also
apparent from Figure 20 is that quenching introduces a disordered distribution of cations
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on the A-site and no A-site order peaks are present. Low temperature annealing steps
were attempted to induce A-site order, but always led to large impurity concentrations
(for example see Figure 20, upper pattern). This is problematic because inducing layered
A-site order is essential in the formation of “secondary” structural and compositional
modulations seen in these systems.

Figure 20: Sample XRD patterns for 75%(Nd1/2Li1/2)TiO3 – 25%NdCoO3. In the lower pattern, minimal impurity
peaks are present, but there is also no A-site ordering peaks. Attempts to anneal the sample to promote ordering led to
impurities without A-site order.

In an attempt to aid the kinetics, samples were also made in which the Nd2/3TiO3
end member was only partially substituted to maintain a concentration of A-site
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vacancies. For example a composition 85%[75%(Nd1/2Li1/2)TiO3 – 25%Nd2/3TiO3] –
15%NdCoO3 was prepared, but again impurities and absence of A-site ordering remained
problematic.

5.2: x(Nd1/2Li1/2)TiO3 – (1-x)Nd2/3(Mg1/2W1/2)O3
A second strategy for B-site substitution into (Nd2/3-xLi3x)TiO3 utilized two
cations, Mg2+ and W6+, in equal concentrations to maintain a 4+ charge on the B-site
when substituted for Ti4+. In essence this corresponded to replacement of the Nd2/3TiO3
end-member with “Nd2/3(Mg1/2W1/2)O3.” PXRD patterns of 85%(Nd1/2Li1/2)TiO3 –
15%Nd2/3(Mg1/2W1/2)O3 are shown in Figure 21. Small impurity peaks were observed,
however perovskite was clearly the majority phase. The patterns show strong A-site
ordering peaks (e.g. at ~11º 2Ɵ) and several heat treatment were utilized to facilitate the
ordering and promote equilibration since there are five distinct species on the A- and Bsites.
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Figure 21: Series of XRD patterns for 85%(Nd1/2Li1/2)TiO3 – 15%Nd2/3(Mg1/2W1/2)O3.

The most prominent impurity phase in Figure 21 is Li2WO4. This impurity is
closely related to the Na2WO4 impurity that what was observed later in
(NaNd)(MgW)O6.40,57 It is interesting to note that Li2WO4 (and also Na2WO4, which was
observed in our work on (NaNd)(MgW)O6) is a liquid at the synthesis temperature with a
melting point of 744°C).
A sample showing strong A-site order, heat treatment 8 in Figure 21, was
investigated further with TEM. As shown in Figure 22a, [001] SAED patterns show clear
evidence of a complex structural modulation. The satellites surrounding the parent
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perovskite reflections have a spacing corresponding to an approximately 28x28ap
supercell. This periodicity is similar to that observed in unsubstituted (Nd0.53Li0.43)TiO3
composition (85%(Nd1/2Li1/2)TiO3 – 15%Nd2/3TiO3). In that system, the supercells were
reported as 26x28ap.29 The corresponding real space images in Figure 22b, c, and d
reveal a checkerboard pattern that is variable in size, but on average corresponds to
28x28ap. Similar to the pure Ti4+ system, a second form of contrast resembling a
diamond pattern can also be observed, see Figure 22c. Figure 22d shows both the
checkerboard and diamond-like contrast mechanisms concurrently (see the middle and
upper left portions of the image for each respectively). The predominant contrast
mechanism is highly dependent on the thickness of the sample.
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Figure 22: (a) SAED pattern with the electron beam oriented along [001] showing signs of a periodic structural
modulation corresponding to ~28x28ap supercells; (b) TEM image in which a checkerboard pattern is shown consisting
of regions approximately 14x14ap; (c) A diamond-like contrast mechanism is dominant in this crystal; (d) Both
diamond-like and checkerboard type contrast mechanisms are shown concurrently in this image.

Samples containing larger proportions of the Nd2/3(Mg1/2W1/2)O3 end member
were also synthesized, but were not investigated with TEM due to even larger
concentrations of impurity peaks.
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5.3: x(Nd1/2Li1/2)TiO3 – (1-x)(Na1/2Nd1/2)(Mg1/2W1/2)O3
Following reports of one-dimensional modulations in (NaLa)(MgW)O6, samples
were prepared combining a related Nd-based composition, (NaNd)(MgW)O6, with
(Nd1/2Li1/2)TiO3. TEM was used to investigate various compositions within this
x(NdLi)Ti2O6 – (1-x)(NaNd)(MgW)O6 system to look for possible changes in the
observed modulations. Figure 23 shows an image collected for a sample with x = 0.85.
The image shows a mixture of checkerboard and stripe patterns and variable alternating
sized regions (see top right corner of Figure 23). This sample was single phase to x-rays
and it is possible a more extended range of solid solution can be made.
The “frustrated checkerboard patterns” in this sample are likely the result of
reduced kinetics as the composition does not contain A-site vacancies. The morphologies
resemble those observed for (Nd1/2Li1/2)TiO3 – NdAlO3 as well as very recently reported
results for samples of (Nd2/3-xLi3x)TiO3 that were cooled in an uncontrolled fashion.56,58
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Figure 23: TEM image of x(Nd1/2Li1/2)TiO3 – (1-x)(Nd1/2Na1/2)(Mg1/2W1/2)O3 where x = 0.85 acquired with the electron
beam oriented along [001].

5.4: x(NaNd)(MgW)O6 – (1-x)Sr2(MgW)O6
As will be discussed in Chapter 6, (NaNd)(MgW)O6 produces a two-dimensional
checkerboard modulation described by a 14x14ap supercell. For coherence a study that
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was made of substitution of Sr(Mg1/2W1/2)O3 into that system is described here. Various
amounts of Sr2(MgW)O6 were substituted into (NaNd)(MgW)O6 and in all cases yielded
clean PXRD patterns. To investigate the changes in the checkerboard morphology of
the unsubstituted system TEM studies were made on 0.85(NaNd)(MgW)O6 –
0.15Sr2(MgW)O6. As shown in Figure 24a, the supercell did change to 16x16ap, which
compares to a 14x14ap supercell for pure (NaNd)(MgW)O6. Samples with higher
concentrations of Sr2(MgW)O6, including 0.50(NaNd)(MgW)O6 – 0.50Sr2(MgW)O6,
while phase pure, do not show any evidence for A-site order.

Figure 24: (a) SAED pattern of 85%(NaNd)(MgW)O6 – 15%Sr2(MgW)O6 taken along [001] with satellite spacing
defining a 16x16ap supercell; (b) Corresponding TEM image showing a two-dimensional diamond-like contrast similar
to that observed in thinner regions of (KLa)(MnW)O6 and (NaNd)(MgW)O6.
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Chapter 6: Investigation of (NaNd)(MgW)O6 using conventional
HRTEM
The discovery of structural and compositional modulations in the Li-free
(NaLa)(MgW)O6 system raised several questions. Previously for (Nd2/3-xLi3x)TiO3, the
undersized Li+ cations were hypothesized to be essential in forming these structures.
However, when replaced by larger Na+ cations in (NaLa)(MgW)O6, the driving force for
the modulations is no longer apparent. Furthermore, (NaLa)(MgW)O6 formed a onedimensional striped morphology rather than the checkerboard structures observed in all
the (Nd2/3-xLi3x)TiO3 compositions.
To further investigate the Li+-free systems and determine if rare earth metal
substitutions have any effect on the observed morphology and supercell sizes,
(NaNd)(MgW)O6 was prepared and characterized. (NaNd)(MgW)O6 is one of several
(AA’)(BB’)O6 perovskites with both A- and B-site ordering previously synthesized.38
The B-site cations adopt an ordered rocksalt-type arrangement with an alternation of
Mg2+ and W6+, the A-site cations (Na+, Nd3+) adopt the usual (001) layering with c = 2ap
(see Figure 25).
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Figure 25: Crystal structure of the double perovskite (NaNd)(MgW)O6. The light octahedra, MgO6, the darker WO6.
Na+ and Nd3+ are represented by the light and dark spheres respectively.

Figure 26 shows an HRTEM image and accompanying SAED pattern of
(NaNd)(MgW)O6 collected with the electron beam oriented along [001]. The sharp,
well-defined satellites grouped around the primary perovskite reflections indicate the
presence of a highly ordered superstructure with modulations along the g100 and g010
directions. The spacing of the satellites corresponds to a 14ap x 14ap supercell (~ 5.46 x
5.46 nm) within the a-b plane. In the thicker regions of the grain the image is dominated
by contrast from a checkerboard arrangement of darker and lighter squares with edges
along [100] and [010]. Although the size of the squares shows some variation, typically
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they correspond to 7ap x 7ap. The checkerboard patterns show remarkable perfection and
persist across the entire grain (see Figure 27). The morphology of the patterns for
(NaNd)(MgW)O6 is quite different to those reported for its La counterpart, which
comprise dark and light linear stripes of width 6ap.

Figure 26: (a) HRTEM image showing the checkerboard contrast along [001]. Doubling of the (110) plane d-spacings
is highlighted by white cross-hatching; antiphase boundaries are evident in the upper-right region; (b) Corresponding
SAED pattern.
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In the thinner regions of the grain, for example the upper right region of Figure
26a, the lattice image reveals a periodic arrangement of approximately square
nanodomains with edges parallel to (110) and (1-10). Within the domains additional
fringes corresponding to a doubled (110) plane d-spacing (highlighted as white crosshatching) are evident along both (110) directions. The image also reveals an anti-phase
relationship between the doubled (110) plane d-spacings in adjacent domains. The antiphase boundaries are orthogonal to each other, parallel to the {110} planes, and separated
by 7(110)ap. The resultant C-centered supercell has a 14ap x 14ap repeat. The signature
of this modulation is also evident in the diffraction patterns (Figure 26b), which contain
four especially pronounced satellite reflections around the (h/2 k/2 0) positions. This
satellite pattern was first observed in Th1/4NbO3, where the splitting of reflections to form
a cross was accredited to the formation of microdomains with boundaries parallel to
(100) and (010), which act as mirror-twin planes for the octahedral tilt system.35 The
width of the antiphase boundaries is difficult to fully quantify but appears to be limited to
one or two perovskite unit cells. The doubled (110) plane fringes and periodic
arrangement of antiphase boundaries is very similar to the features reported for the phaseseparated (Nd2/3-xLi3x)TiO3 system. Although not mentioned in the previous study, we
note the doubling of (110) planes and formation of antiphase boundaries can also be
discerned in the HRTEM images of (NaLa)(MgW)O6 (see Figure 4c, reference 40).
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Figure 27: Low magnification TEM image along [001] showing periodic modulation extends across entire crystal;
Inset shows corresponding FFT.

To explain the doubling of the (110) plane d-spacings, various models have been
considered. Based on a bond-valence argument, the oxygen anions lying within the Na+
layers are underbonded and the oxygen anions in the Nd3+ layers are overbonded
(explained in section 1.2). As a result, the d0 W6+ cations can help compensate this
imbalance by moving towards the underbonded oxygen anions and away from the
overbonded ones through a second-order Jahn-Teller distortion. For a single pillar of Bsite cations along the [001] direction, all of the W6+ cations would move in the same
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direction. For rows of pillars along the [100] or [010] directions, the grouped W6+
movement will alternate their movement between [001] and [00-1], as shown by the red
and purple vectors in Figure 28a. Likewise, a row of these pillars in the [110] or [1-10]
directions all move in the same direction, which appears to be unique to these systems
with concurrent A- and B-site ordering. For perovskites with A-site layered ordering and
no ordering on the B-site, this pillar would be broken up since instead (001) sheets of d0
cations would move together.

Figure 28: Movement of W6+ ions in the +/-[001] directions as deduced by bond valence calculations.

59

Since the W6+ movement is along the [001] direction though, it cannot explain the
(110) doubling by itself. Therefore, the W6+ cations would need a component of their
distortion within the (001) plane. As shown in Figure 29, if the W6+ cations displace in a
specific pattern it could potentially create this doubled (110) d-spacing contrast seen in
TEM images. In this schematic, the black arrows represent the W6+ displacement
direction and the red dashed lines then show the resulting doubled (110) d-spacings. The
blue region down the middle then signifies the antiphase boundary which causes the W6+
to change their pattern by flipping directions thereby creating an antiphase relationship
between adjacent domains. A similar pattern of movement within the ab plane was
modeled previously for (Nd2/3-xLi3x)TiO3 and shown capable of creating these doubled
(110) d-spacings in TEM images.29
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Figure 29: Schematic showing a potential source of the observed doubled (110) plane d-spacings (highlighted as red
dashed lines) due to W6+ movement (shown as black arrows). The blue zigzag region in the middle is then the
antiphase boundary across which the adjacent domains have an antiphase relationship.

To simplify the image-contrast mechanisms, the grains were investigated using Zcontrast imaging. The Z-contrast image in Figure 30, collected along [001], shows a faint
nanoscale compositional modulation with lighter and darker regions. The observation of
this contrast implies the structural modulation in (NaNd)(MgW)O6 is accompanied by a
periodic variation in composition.
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Figure 30: [001] Z-contrast image showing a faint compositional modulation.

The checkerboard modulations and domain structures in (NaNd)(MgW)O6
strongly resemble the phase-separated structures reported for the (Nd2/3-xLi3x)TiO3
system. They also share several similarities to the striped patterns observed in
(NaLa)(MgW)O6 which were argued to result from an ordered phase separation of Narich, (NaLa)(MgW)O6, and Na-deficient, La4/3(MgW)O6, end member phases.40 The
nanoscale structures in both of those systems have been suggested to involve a periodic
twinning of the a-a-c0 (Glazer notation) octahedral tilt system, the same tilt system
reported for (NaNd)(MgW)O6.41,3 With these similarities it is tempting to conclude the
modulations observed here for (NaNd)(MgW)O6 involve periodic phase separation into
(NaNd)(MgW)O6 domains separated by Na-deficient regions of Nd4/3(MgW)O6.
However, if this model is correct the actual composition of the grains would have to
deviate from a 1:1 Na:Nd stoichiometry.
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For (NaLa)(MgW)O6 local fluctuations in composition and/or Na-loss during the
synthesis were suggested as possible sources for the non-stoichiometric phase separated
structures. However, local variations in composition are unlikely to explain the structures
of the (NaNd)(MgW)O6 system as the formation and periodicity of the modulations
patterns was not a localized phenomenon and encompassed the entire grain of every
crystal imaged along [001] as seen in Figure 27.
While sodium loss during the synthesis is possible, our preparations used
sacrificial powders, a technique that is usually highly effective in suppressing component
volatility. The previous preparations of (NaLa)(MgW)O6 and related compounds
incorporated excess Na into the starting stoichiometry to compensate for potential
volatilization and typically contained residual Na impurities, (e.g. Na2WO4). Even
though our starting compositions were based on a stoichiometric ratio of Na:Nd:Mg:W,
we also noticed the PXRD patterns of (NaNd)(MgW)O6 consistently contained extremely
weak additional reflections at positions corresponding to Na2WO4. To clarify the identity
of the impurity phase the samples were investigated by synchrotron PXRD. In addition
to peaks for the majority perovskite phase, (indexed using a √2ap x √2ap x 2ap,, P21/m cell
with: a = 5.4750Å, b = 5.4868Å, c = 7.8622, β = 90.11°) the synchrotron patterns, Figure
31, show clear evidence for small concentrations of Na2WO4 and its hydrate,
Na2WO4·2H2O. The observation of an excess Na phase confirms the effectiveness of our
synthetic method in suppressing volatility; however, it also suggests the composition of
the stable end-member is not (NaNd)(MgW)O6, but is Na (and perhaps W) deficient. The
lack of stability for the stoichiometric mixed A-site end-member is strikingly similar to
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the (RE)2/3-xLi3xTiO3 (RE = Nd, La) systems where “(RELi)Ti2O6” is also unstable and
cannot be formed without trace amounts of a lithium-rich impurity.30

Figure 31: Synchrotron powder x-ray diffraction pattern of (NaNd)(MgW)O6; stars indicate the peaks from the sodium
rich impurities Na2WO4 and Na2WO4·2H2O. Lower hash marks correspond to the expected positions based on refined
lattice parameters.

In summary, the structure of (NaNd)(MgW)O6 is comprised of ordered domains
with a doubled periodicity along both (110) directions in the a-b plane. Neighboring
domains have an anti-phase relationship and are separated by two-dimensional periodic
Antiphase boundaries parallel to the {110} planes with a 7(110)ap repeat. The resultant
C-centered supercell in the a-b plane has a 14ap x 14ap (~ 5.46 x 5.46 nm) periodicity.
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The formation of the ordered APB structure is accompanied by a checkerboard strain
contrast throughout the grains. The observation of excess Na (and W) impurity phases in
samples with a bulk 1:1:1:1 Na:Nd:Mg:W ratio suggests the modulated structure is nonstoichiometric, most likely from a different local chemistry in the regions close to the
APB. Understanding the origin of the doubled (110) spacing and the driving force for the
formation of the periodic antiphase boundaries will require additional study (this is
addressed in a later chapter). The formation of periodic anti-phase domains with a
similar doubled (110) contrast in the (Nd2/3-xLi3x)TiO3) system was associated with the
ordering of cation displacements in the TiO6 octahedra. It is possible displacements of W
could be responsible for the modulations in (NaNd)(MgW)O6, though periodic twinning
of the octahedral tilt system is also important in these systems.56,37
It is clear the (001) ordering of A-site cations in (NaNd)(MgW)O6 and other
A+/A3+ perovskites introduces some type of instability that produces a complex structural
and compositional modulation. For the (Nd2/3-xLi3x)TiO3 system, alterations in the bulk
composition of the solid solution changed the width of the inter-domain boundary regions
and enabled the preparation of tunable “phase separated” checkerboard structures. The
possible formation of similar tunable structures based on (NaNd)(MgW)O6 will require
clarification of the composition of the “second-phase” APB regions.
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Chapter 7: (NaGd)(MgW)O6
(NaGd)(MgW)O6 is another example of the double perovskites recently
synthesized that showed both A- and B- site ordering.43 Of the 14 prepared,
(NaGd)(MgW)O6 was one of only a few noted as being phase pure with no impurities in
the XRD patterns. The previous chapter showed perovskites are very sensitive to
compositional changes. The replacement of La3+ by Nd3+ stabilizes two-dimensional
nanocheckerboards rather than linear stripes. The substitution of Gd3+ for Nd3+ was
explored to further reduce the size of the A-site cation to understand if the observed
morphology would have a simple relationship to the tolerance factor.
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Figure 32: Synchrotron x-ray diffraction pattern acquired for (NaGd)(MgW)O6. Red hash marks indicate expected
reflections as defined through a GSAS refinement. Stars indicate peaks indicating a small concentration of Na 2WO4
similar to what has been observed in other systems including (NaNd)(MgW)O6.

A synchrotron PXRD pattern (collected in collaboration with Dr. Matt Suchomel
at Argonne National Laboratories) collected from (NaNd)(MgW)O6 is shown in Figure
32. The sample is essentially clean although there are very small impurity peaks from
Na2WO4 and its hydrate, Na2WO4·2H2O. The intensity of the impurity peaks are similar
to those observed in our study of (NaNd)(MgW)O6.57 By inference it is possible the
existence of the impurity indicate that a compositional modulation is present requiring a
small departure from the nominal composition. While faint, there are also signs of a low
angle supercell peak in the pattern shown in Figure 32. In Figure 33a, the low angle
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regions of the synchrotron XRD patterns for (NaGd)(MgW)O6 and (NaNd)(MgW)O6 are
compared (the patterns were collected under the same conditions). The intensity from the
empty sample holder (capillary tube) was subtracted from the diffracted intensity and the
pattern of (NaNd)(MgW)O6 samples (Figure 33b) shows evidence for a broad and weak
peak in a position that corresponds to the (1/14 0 0) supercell d-spacing. Repeating the
same procedure for (NaGd)(MgW)O6, an even more faint peak in Figure 33b may
indicate a modulation is again present.
Because other directions took priority a TEM study of the Gd sample was not
made, though section 11.2 does include suggestions for future studies of
(NaGd)(MgW)O6.

Figure 33: (a) Synchrotron powder XRD pattern taken for (NaGd)(MgW)O6 showing only low angles (2ϴ) to
determine if any supercell peaks are present; (b) The same pattern shown in (a), but with the intensity from the empty
sample holder subtracted to produce a more clear signal. Faint peaks appear for both compositions potentially due to
modulations.
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Chapter 8: Ca-based systems - (KLa)(CaW)O6 and (NaLa)(CaW)O6
As reported in Chapter 6, the substitution of Nd3+ for La3+ induces major changes
in the nanoscale morphology. In this chapter two new modulated systems,
(KLa)(CaW)O6 and (NaLa)(CaW)O6, are investigated where the incorporation of the
larger Ca2+ cation onto the B-site stabilizes a perovskite with one of the lowest tolerance
factors (t) reported (t = 0.892 for the Na-based system). The tolerance factors accessed
through these systems also enables a clearer understanding of the role of t in mediating
the morphology and periodicity of the modulations. As will be shown, the results from
these systems make it clear that tolerance factor alone cannot be used as a predictive
tool.
The powder x-ray diffraction patterns, see Figure 34 for one of them, could be
indexed using a √2ap x √2ap x 2ap, P21/m cell with: a = 5.777Å, b = 5.773Å, c = 8.354Å,
β = 89.90° for (KLa)(CaW)O6 and a = 5.668Å, b = 5.767Å, c = 8.242 Å, β = 90.32° for
(NaLa)(CaW)O6. Consistent with their low tolerance factors, distortions from cubic
symmetry are apparent as gauged by the splitting of the fundamental peaks. For both
samples weak additional peaks in the patterns indicate the presence of trace amounts of
CaWO4. For (NaLa)(CaW)O6 another small, unidentified peak likely implies the
existence of a second minor impurity.
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Figure 34: XRD patterns of (NaLa)(CaW)O6 collected at room temperature (lower plot) and 1030°C (upper plot).
Lower hash marks correspond to the locations of the expected reflections for the P2 1/m structure. Peaks are indexed in
reference to the pseudocubic perovskite aristotype; F = fundamental reflections, A = additional reflections from A-site
ordering, B = additional reflections from B-site ordering, and the stars indicate the impurity CaWO4 as well as a second
unknown impurity.

Both patterns contain strong reflections associated with an ordered alternation of
K+ (Na+) and La3+ on the A-site along the [001] direction of the pseudocubic sub-cell and
a rocksalt-type arrangement of Ca2+ and W6+ on the B-site. The lattice parameters and
cell volumes provide clear support for the targeted occupancy of Ca2+ on the B-sublattice.
For example the volume per formula unit (V/Z) of (KLa)(CaW)O6 (V/Z = 139.31 Å3) is
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significantly greater than the reported value for (KLa)(MnW)O6 (V/Z = 129.63 Å3),
consistent with the much larger radius of Ca2+ in octahedral coordination (r(Ca2+) =
1.00Å, r(Mn2+) = 0.83Å).38,59 Similarly for (NaLa)(CaW)O6 V/Z = 134.70 Å3 compared
to 125.67 Å3 for (NaLa)(MnW)O6.43
To investigate the nanoscale structures of (KLa)(CaW)O6 and (NaLa)(CaW)O6,
SAED patterns and HRTEM images were collected for both systems. Figure 35a shows
an SAED pattern of (KLa)(CaW)O6 acquired with the electron beam oriented along
[001]. Accompanying the primary perovskite reflections is a network of additional
reflections periodically arranged in both the g100 and g010 directions indicative of a wellordered, two-dimensional superstructure. The locations of the satellites are reminiscent
of the (NaNd)(MgW)O6 system and appear to be nearly identical to the modulations (10 x
10ap) reported for the (KLa)(MnW)O6 system.42,60 However, in (KLa)(CaW)O6 the
modulation is incommensurate with a ~9.4 x 9.4ap repeat within the a-b plane. Figure
35b shows an HRTEM image of (KLa)(CaW)O6 in which a two-dimensional structural
modulation is apparent. The modulation produces different strain contrast patterns
depending on the thickness of the crystal that are similar to those observed in the (Nd2/3xLi3x)TiO3

system.29 In the thicker regions, highlighted in the upper portion of Figure

35b, the contrast resembles a checkerboard pattern of light and dark regions with edges
parallel to [100] and [010]. The other contrast mechanism, highlighted in the lower
portion of Figure 35b consists of isolated diamond-like regions defined by edges parallel
to [110] and [1-10]. The supercell defined in the SAED pattern can be recovered by
considering two light and two dark square regions of the checkerboard pattern, each ~4.7
x 4.7 ap, thereby forming a ~9.4 x 9.4ap area (~ 4 x 4 nm). Likewise the diamond-based
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pattern can recover the same supercell. The HRTEM image in Figure 35c was taken at a
higher magnification to show an atomistic scale. Highlighted with white lines in one
direction are a family of doubled (110) plane d-spacings. The contrast from the fringes is
highly dependent on the thickness and is actually present in two directions, parallel to
both (110) and (1-10). Anti-phase boundaries of about one or two unit cells in width
surround these doubled (110) plane d-spacing regions and are separated by ~4.7(110)ap;
the modulation appears to be slightly incommensurate in this direction. This is most
easily seen in the SAED pattern as a change in the satellite spacing occurs, for example,
when following satellites along the g110 direction (see Figure 35a where distances “d” and
“e” are different). The same features were discussed for the (NaNd)(MgW)O6 system in
the previous chapter, although a commensurate modulation was instead observed in that
system.60
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Figure 35: (a) SAED pattern of (KLa)(CaW)O6 acquired along [001] showing a well-ordered, two-dimensional
modulation shown to be incommensurate as indicated by the difference in lengths of “d” and “e”; (b) Accompanying
HRTEM image with highlighted checkerboard and diamond-like contrast; (c) HRTEM image showing antiphase
relationship between neighboring strain domains (highlighted with white lines).

Figure 36a shows an SAED pattern for (NaLa)(CaW)O6 again collected with the
electron beam oriented along [001]. In addition to the primary perovskite reflections, the
satellites define a one-dimensional ~16(110)ap modulation in the g110 direction. The
modulation, although seemingly periodic in the SAED pattern in which well-defined
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reflections exist, appears to have some variation depending on the crystal. Within
individual crystals, deviations in the repeat distance can be observed in HRTEM images,
however the average modulation is ~16(110)ap. The corresponding low magnification
TEM image (Figure 36b) shows the one-dimensional striped pattern of light and dark
regions persists across the entire crystal. As previously discussed, (NaLa)(MgW)O6 also
exhibits a one-dimensional striped modulation;40 however, in (NaLa)(CaW)O6 the strain
contrast is oriented along <110> as opposed to <100> (Figure 37), a first in these
systems.
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Figure 36: (a) SAED pattern of (NaLa)(CaW)O6 acquired along [001] showing a one-dimensional modulation along
the g110 direction; (b) Accompanying low magnification TEM image showing the striped modulation persisting across
an entire crystal.

Including these two new systems, structural, and presumably compositional,
modulations have now been observed in six alkali-based, mixed A-site perovskites. With
these new examples it appears predicting the morphology and direction of the
modulations is more complex than previously expected. For example, in
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(NaLa)(MgW)O6 and (NaNd)(MgW)O6 the replacement of La3+ by Nd3+ induces a
change from a one-dimensional striped modulation to a two-dimensional checkerboard
arrangement.40,60 Given the smaller size of Nd3+ it could be speculated the change in
morphology is related to the difference in tolerance factor of the two systems (t = 0.953
and 0.937 respectively). However, for (KLa)(CaW)O6 and (KLa)(MnW)O6 the change in
tolerance factor (0.932 and 0.970 respectively) has almost no impact on the resultant
morphology or size of the supercell since both systems exhibit checkerboard modulations
with ~9.4 x 9.4ap and 10 x 10ap repeats respectively. It is possible the exceptionally low
tolerance factor of (NaLa)(CaW)O6 (t = 0.892) plays some role in mediating the direction
of the strain modulations in that system where the stripes are oriented along the <110>
direction.

76

77

Figure 37: (a, b) [001] HRTEM images showing the one-dimensional striped modulation along <110>.

As noted previously, the modulations in the mixed A-site systems are often
accompanied by the formation of trace amounts of impurity phases.41,60 Recall the
observation of weak reflections from Na2WO4 in the XRD patterns of the
nanocheckerboard (NaNd)(MgW)O6 system suggested the modulations are accompanied
by a small deviation from a 1:1:1:1 stoichiometry of the cations on the A- and B-sites.
Weak additional reflections from a CaWO4 second phase are also present in the room
temperature XRD patterns of ordered (KLa)(CaW)O6 and (NaLa)(CaW)O6, see Figure
34. To probe the formation of these impurities the samples were investigated in-situ
using high temperature XRD. Within the resolution of the laboratory diffractometer both
systems showed no evidence of any impurity phases when heated to ~1030°C.
Concurrently the splitting of the fundamental peaks associated with the monoclinic
distortion of the cell is eliminated and the intensity of the reflections associated with the
A-site order is essentially reduced to zero as gauged by the (00½) reflection at ~11° and
the (10½) reflection at ~25°. The resultant pattern at 1030°C can be approximately
indexed in terms of a single-phase, A-site disordered, B-site ordered, tilt-free, Fm-3m
cubic cell. On cooling in addition to the return of the various symmetry lowering
elements, we believe the system departs from the ideal stoichiometry through the
formation of second-phase impurities. While not understood at this point, it appears the
non-stoichiometry is directly associated with the formation of the nanoscale modulations.
To seek further evidence for non-stoichiometry, the (NaLa)(CaW)O6 samples
were studied using aberration corrected high-angle annular dark-field scanning STEM
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(HAADF-STEM), also referred to as Z-contrast imaging; with this imaging technique the
average atomic number (Z) squared of the columns of atoms is approximately
proportional to the observed contrast.61 This work was conducted in collaborate with Dr.
Albina Borisevich through the SHARE program at Oak Ridge National Laboratory. The
Z-contrast image in Figure 38 shows a striped modulation along <110> identical in
orientation to the previously shown TEM images. The image also illustrates the varying
nature of the modulation as the stripe in the bottom right corner is spaced further than the
rest. Even so the average repeat distance is again ~16(110)ap.

Figure 38: Z-contrast image showing a thin striped modulation along <110>.

The observation of a local variation in composition at the unit-cell level provides
direct support for the deviation of the modulated crystals from their ideal 1:1:1:1
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Na:La:Ca:W stoichiometry. The lighter stripes in the STEM image, which are only 1-2
unit cells in width, must originate from a “phase” with a heavier atomic mass compared
to the majority (NaLa)(CaW)O6 constituent. The local deviation in composition is
presumably responsible for the dark and light stripe contrast in the TEM images that is
likely associated with a modulation of the strain arising from the different cell parameters
of the nanophase building blocks. While the dark and light regions of the strain patterns
are present in an approximately 1:1 ratio, the ratio of the different nanophases responsible
for their formation is only ~1:15.
We believe the heavier phase within the thin light striped regions has a
composition of La4/3(CaW)O6. This is due to observed similarities with the (Nd2/3xLi3x)TiO3

solid solution system in which one of the end members was modeled as

Nd4/3Ti2O6. With a ratio of 1:15 between the two constituent phases, only ~6% of the
overall composition would deviate from the ideal stoichiometry producing a composition
of ~(Na15/16La49/48)(CaW)O6. This is in agreement with the small concentration of
impurity phases observed in the XRD patterns for these systems. For the
(NaLa)(MgW)O6 and (KLa)(MnW)O6 systems phase-separation was also invoked to
explain the nanoscale modulations; it was proposed, however, that equal portions of the
two phases were present.40,42 This model requires 50% of the overall structure to deviate
from stoichiometry, which implies a more substantial concentration of impurity phases.
To avoid large departures from bulk stoichiometry for (NaLa)(MgW)O6 it was suggested
the composition of the second nanophase could be continuously variable within the (Na13xLa1+x)(MgW)O6

system.40 This model does not appear to be applicable to the

(NaLa)(CaW)O6 system due to the abruptness of the compositional change observed in
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our high resolution Z-contrast images; also, the one or two unit cell wide stripe we
observed would not allow for such a continuous variation to occur.
The proposed models of approximately equal amounts of two nanophases in
(NaLa)(MgW)O6 and (KLa)(MnW)O6 were based on HRTEM and HAADF-STEM
imaging.40,42 Furthermore, the Z-contrast images we have reported for (NaNd)(MgW)O6
also support significant proportions of two phases with different compositions.60
However, the aberration-corrected Z-contrast images for (NaLa)(CaW)O6, in Figure 38,
suggest the actual fraction of the non-stoichiometric second phase is far lower than
previously assumed. It is possible the Z-contrast images for the other systems may
convolute contributions from strain and composition, perhaps through the use of an inner
detector angle that is too small. The images that show equal amounts of two phases in
the (NaLa)(MgW)O6, (KLa)(MnW)O6, and (NaNd)(MgW)O6 systems used inner detector
angles of ~30mrad, ~30mrad, and 54.9mrad respectively.40,42,60 In comparison, the image
in Figure 38 was acquired with a collection angle of 80mrad using an aberrationcorrected microscope capable of attaining higher resolution.
Although the high resolution STEM images provide direct insight into the ratio of
the nanophases responsible for the modulated structure of (NaLa)(CaW)O6, an
explanation for why the bonding frustrations in the ordered mixed A-site alkali
perovskites are alleviated by the formation of this type of complex phase separated
structure remains an open question.
In summary, two new A-site ordered perovskites, (KLa)(CaW)O6 and
(NaLa)(CaW)O6, have been discovered. Both systems exhibit complex modulations;
(KLa)(CaW)O6 forms a two-dimensional, incommensurate nanocheckerboard
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modulation, whereas in the case of (NaLa)(CaW)O6 a one-dimensional modulation
produces nanostripes with a unique <110> orientation. High temperature x-ray
diffraction data provide evidence that suggest small deviations from the ideal 1:1:1:1
stoichiometry of the (A+La3+)(CaW)O6 phases may be related to the formation of the
modulations. Z-contrast images provide evidence for deviations from stoichiometry with
a ~1:15 periodic arrangement of La4/3(CaW)O6:(NaLa)(CaW)O6 nanophases.
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Chapter 9: Detailed Studies Using Aberration-Corrected STEM
In the previous chapters Z-contrast images collected using an aberration-corrected
microscope were used to clarify unit cell level changes in chemistry. The unprecedented
resolution of these microscopes provides access to structural and chemical information
that cannot be attained by conventional transmission electron microscopes. In this
chapter new data acquired through Z-contrast imaging on the aberration-corrected
microscopes at Oak Ridge National Laboratory (again in collaboration with Dr. Albina
Borisevich) were used to provide precise compositional maps (Z-contrast images) and
insights into the local ion displacements in (NaNd)(MgW)O6, (NaLa)(MgW)O6, and
(NaLa)(CaW)O6. The results obtained led to a new model for the modulations of these
systems and connections to the improper ferrielectricity recently observed in the nonmodulated (NaLa)(MnW)O6 system.
To look at the effect of compositional changes on the observed modulations in
these systems, samples were prepared within the [1-x](NaNd)(MgW)O6—
[x]Nd4/3(MgW)O6 system, which represents the tie line between the two most likely end
members for any type of nanophase separation model. These end members are analogous
to those proposed for the (Na1-xLa1+x/3)(MgW)O6 system, except Nd3+ is substituted here
for La3+.40 (NaNd)(MgW)O6, (Na0.8Nd1.07)(MgW)O6, and (Na0.5La1.17)(MgW)O6, which
correspond to x = 0, 0.2, and 0.5 respectively, were synthesized and checked for phase
purity using x-ray diffraction. As shown in Figure 39, (NaNd)(MgW)O6 and
(Na0.8Nd1.07)(MgW)O6 were essentially single phase with almost no impurities within the
resolution of the diffractometer. However, the sample containing equal amounts of the
end members contained significant amounts of Nd2WO6 (indicated by a star over the two
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most prominent impurity reflections). Therefore, further study was limited to the two
compositions of higher purity. As previously reported, the (NaNd)(MgW)O6 pattern can
be indexed with a √2ap X √2ap X 2ap, P21/m cell with a=5.4750 Å, b=5.4868 Å, c=7.8622
Å, and β=90.11°.57 For (Na0.8Nd1.07)(MgW)O6 a least squares refinement to a √2ap X √2ap
X 2ap, P21/m cell yielded a=5.4765 Å, b=5.4766 Å, c=7.8524 Å, and β=90.06°.

Figure 39: XRD patterns for (NaNd)(MgW)O6, (Na0.8Nd1.07)(MgW)O6, and (Na0.5Nd1.17)(MgW)O6. Lower hash
marks correspond to the locations of the expected reflections for the P2 1/m structure. The star indicates the Nd2WO6
impurity seen in the (Na0.5Nd1.17)(MgW)O6 composition.

A high resolution Z-contrast image of (NaNd)(MgW)O6 collected along [001]
using an FEI Titan aberration-corrected microscope is shown in Figure 40a. The image
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reveals faint regions of increased intensity (higher Z) that appear to be only a single
atomic column located on the A-site. To aid the reader, these higher Z regions are
artificially highlighted in Figure 40b which is otherwise identical to Figure 40a. These
results differ substantially from those presented previously for this composition using
conventional STEM where the Z-contrast images showed faint regions of different
contrast approximately equal in size (Figure 40c adapted from Figure 30). The increased
resolution between the two images is likely one source of the differences though potential
contributions from strain in the lower resolution image due to the use of a smaller
collection angles could also be a factor.

Figure 40: (a) High resolution Z-contrast image of (NaNd)(MgW)O6 showing small regions of what appear to be a
single column in size; (b) Image (a) highlighted so that the higher Z regions are more pronounced; (c) Lower resolution
Z-contrast image of the same composition adapted from reference 57.
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For the (NaLa)(MgW)O6 system it has been argued, through HRTEM, ADFSTEM, and STEM-EELS analysis, the structural modulations are accompanied with an
alternation of equal portions of (La4/3vac2/3)(MgW)O6 (or some other composition with
(Na1-xLa1+x/3)(MgW)O6 stoichiometry) and (NaLa)(MgW)O6 nanophases. However, as
discussed in Chapter 6, there are problems when applying this model is applied to the
(NaNd)(MgW)O6 system. This mechanism requires a significant deviation from the
nominal 1:1 Na:Nd composition. For (NaLa)(MgW)O6, it was argued that local
fluctuations in composition and Na-loss due to high temperature volatility during the
synthesis procedure could explain the change in stoichiometry. However, in Chapter 6
for (NaNd)(MgW)O6, where the careful use of sacrificial powder in the solid state
synthesis avoided any changes in stoichiometry, we showed this model was not
applicable. The Z-contrast STEM image in Figure 40a unequivocally demonstrates these
samples do show periodic variations in composition, however the higher Z (high Nd3+)
regions are limited to single atomic columns and any deviations from stoichiometry
through the periodic inclusion of a “second phase” are extremely small. It is important to
note that a published Z-contrast image for (KLa)(MnW)O6 (Figure 16a) shows evidence
for a similar localized compositional modulation in that system. The brighter regions are
again small and isolated to a few atomic columns.
The SAED patterns for (NaNd)(MgW)O6 acquired with this same [001]
orientation defined a 14x14ap supercell.57 The checkerboard images using conventional
TEM seem to indicate this results from a periodic repeat of 7x7ap squares. The high
resolution Z-contrast image shown here allows for a more accurate measurement of the
local periodicities since the SAED patterns represent the average of a larger area. As
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shown in Figure 41, a [010] modulation is highly periodic with, aside from one row with
a 9ap repeat, a regular 7ap repeat or block length. However, along [100] the repeat was
found to correspond to 8ap, with some interwoven defects with a 6ap block length.

Figure 41: High resolution Z-contrast image of (NaNd)(MgW)O6 from Figure 40a where individual regions between
high-Z columns are colored based on their dimensions. Two main sized regions are found, 8x7a p and 6x7ap. A stripe
of larger regions persists across the center of the image, which likely represents a defect.

The [001] SAED pattern previously shown for (NaNd)(MgW)O6 in Figure 26b is
adapted here as Figure 42. As can be seen in the enlarged region on the right side, the
diffraction spots along g010 are sharper and more well-defined compared to those along
g100. This is consistent with the image in with Figure 41 since the variable nature of the
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6ap and 8ap modules would create streaking in the SAED pattern. However, in certain
regions the reflections are also rather discrete along g100 and define a 7ap modulation.
This may be due twinning of the more consistent 7ap repeat shown along [010] in Figure
41 or else the result of a well-established phenomenon where the random mixing of
structural modules can lead to sharp incommensurate satellites.62,63

Figure 42: SAED pattern of (NaNd)(MgW)O6 acquired along [001] and adapted from ref. 57. The streaking of
reflections is due to the inconsistent repeats of this structure.

To explore the effect of changes in bulk composition on the structure of
(NaNd)(MgW)O6, (Na0.8Nd1.07)(MgW)O6 (80%(NaNd)(MgW)O6 – 20%Nd4/3(MgW)O6)
was also studied by high resolution Z-contrast imaging, but with a VG HB603U
microscope with a Nion aberration corrector, see Figure 43a. The image again reveals
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individual bright columns with a higher Z, however in addition the contrast extends away
from the columns in the form of a single unit-cell wide cross-like streak along [100] and
[010]. These regions are again highlighted in Figure 43b to aid in their visualization in
an otherwise unaltered image.

Figure 43: (a) High resolution Z-contrast image of (Na0.8Nd1.07)(MgW)O6 showing cross-like regions of increased
contrast; (b) Image (a) highlighted so that the higher Z regions are more pronounced

The bright higher Z regions are again highly localized. With the resolution of this
image it is possible to map the separations of the higher Z regions, see Figure 44. Using
the sub-cell [100] and [010] axes as a reference, along [010] there is again a uniform 7ap
separation between the bright columns. However while the separation along [100] for
(NaNd)(MgW)O6 is mostly 8ap, for (Na0.8Nd1.07)(MgW)O6 the repeat comprises an
ordered alternation of 6ap and 8ap lengths, interrupted in this image by an additional 8ap
“defect.” This yields a supercell of 14ap comprised of repeating 6ap and 8ap blocks. It is
important to note along [100] no odd numbered repeats are observed while only odd
numbered repeats are apparent along [010]. The overall supercell has a 14x14ap repeat
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but because of the column contrast and the 6ap and 8ap block order along [100], it is no
longer C-centered.

Figure 44: High resolution Z-contrast image of (Na0.8Nd1.07)(MgW)O6 from Figure 43a where individual regions
between high-Z columns are colored based on their dimensions. Two differently sized regions are found, 8x7a p and
6x7ap.

The regions of higher Z, i.e. bright spots, appear to be very localized for both of
the Na/Nd compositions. To determine if the change in intensity is limited to the A- or
B-sublattices exclusively, an approach developed by Borisevich et al. was followed.64
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The locations of each sublattice were determined and refined using an iterative centroid
algorithm. This method provides an accurate set of coordinates representing the center of
intensity for each atomic column. Using the refined locations, the intensity of each
atomic column was integrated and mapped. The analysis for (Na0.8Nd1.07)(MgW)O6
(Figure 45) shows there is no discernible change in the intensity of the B-sublattice, while
the A-sublattice produces a series of bright spots with the same periodicity observed in
the original Z-contrast image. This result confirms the compositional modulation in the
Z-contrast image is associated with changes in the intensity of the A-sites. Although not
shown, the (NaNd)(MgW)O6 composition produced the same result.

Figure 45: (a) Z-contrast image for (Na0.8Nd1.07)(MgW)O6; (b) A-sublattice refined intensity showing bright regions
that align perfectly with (a); (c) B-sublattice refined intensities showing no change across the image.

The Z-contrast images indicate the change in composition from (NaNd)(MgW)O6
to 80%(NaNd)(MgW)O6 – 20%Nd4/3(MgW)O6 is accompanied by an enrichment of Nd
in unit cells adjacent to the bright columns observed in (NaNd)(MgW)O6. It seems likely
those regions have an Nd-rich composition approaching that of Nd4/3(MgW)O6 as this is
the only heavier stoichiometric composition that involves no change in Z on the B-site.
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An increased proportion of Nd4/3(MgW)O6 in those regions must cause a concurrent
depletion of Nd in the remaining regions of the structure (i.e. enrichment of Na). Figure
45b shows evidence for regions containing excess Na (darker contrast) with dark
channels oriented along the in-plane <110> directions.
Because the high resolution Z-contrast imaging revealed localized, periodic
changes in composition in both (NaNd)(MgW)O6 and (Na0.8Nd1.07)(MgW)O6, additional
experiments were conducted on (NaLa)(MgW)O6. For this composition, previous ADFSTEM work showed that compositional modulations are present.40 The bright-field
STEM image, Figure 46a, does show a striped modulation, however the corresponding
high resolution Z-contrast image, Figure 46b, does not appear to show any evidence for
compositional variations. However, a fast Fourier transform of the Z-contrast image,
Figure 46c, contains strong satellite reflections with positions identical to those observe
in the corresponding SAED patterns and fast Fourier transforms of conventional TEM
images.40 This indicates that while there is no apparent variation in Z, the geometric
structure still exhibits a 12ap modulation.
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Figure 46: (a) Bright-field STEM image of (NaLa)(MgW)O6 showing a one-dimensional striped modulation along
[100]; (b) Corresponding Z-contrast image showing no modulation in Z along [100]; (c) Fast Fourier transform of (b)
showing a modulation is present along [100].

The integrated intensity of each column of the A- and B-sublattices were
compared separately using the same approach described for (NaNd)(MgW)O6; this
analysis confirmed there is no change in Z across the STEM image. This result
contradicts the previously held notion that a compositional modulation is necessary to
produce the striped contrast seen in the bright-field TEM images of (NaLa)(MgW)O6.40,41

Figure 47: (a) Z-contrast image of (NaLa)(MgW)O6; (b) Bright-field STEM image of (NaLa)(MgW)O6 showing a
vertical stripe contrast.
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Because the resolution of the data acquired through aberration-corrected imaging
allows identification of sub-angstrom structural displacements, the Z-contrast images
were analyzed in detail to seek evidence for any correlated ionic displacements. The
process used in this analysis is shown schematically in Figure 48. The precise locations
of the intensity maxima in the image were first located and refined using an iterative
centroid algorithm. A schematic illustration in Figure 48a shows a Z-contrast image
where the A- and B-site atomic columns are represented by red and blue circles
respectively. The refined B-site cation locations were first used to define each unit cell
and connected by two diagonals (grey dashed lines in Figure 48b) to approximate the
centroid A-site location. The intersection of each pair of diagonals represents the
expected location of a “centered” A-site compared to the actual refined A-site contrast to
give a local displacement vector of any off-centered A-site cations (black arrow in Figure
48b). The vectors were then split into components along [100] and [010] and their
magnitude was mapped for each unit cell.
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Figure 48: (a) Schematic of a Z-contrast image where the A- and B-site atomic columns are represented by red and
blue circles respectively; (b) To determine the presence of ionic displacements, the B-site refined locations are used
and diagonals are drawn where the intersections represent the expected A-site locations. If the A-sites are not found at
the intersection, the refined A-site locations relative to the expected locations are determined and a vector, shown as a
black arrow, represents the displacement.

The map of the [010] component of the displacement vectors for
(NaLa)(MgW)O6 is shown within the inset of Figure 49a. This image was then
transformed into a profile (shown in blue) using an averaged line scan across the image.
The magnitude of the y displacements range from +/- 0.15Å. The alternating positive and
negative displacements are periodic and have the same periodicity (6ap) as the striped
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pattern observed in the corresponding bright field image (Figure 47b). However, when
the [010] displacements were mapped onto the bright field image the alternating
displacements and alternating stripe contrast while have the same periodicity were found
to be shifted by a quarter of the periodicity relative to each other, i.e. 3ap, so that edges of
the bright field stripes are actually in the middle of the alternating [010] and [0-10]
striped regions, see Figure 49b.
Repeating this procedure for the [100] components of the displacements yielded
the result shown in Figure 49c. The [100] component again varies periodically with the
magnitude again range from ~ -0.1Å to 0.1Å. However, the line profile shows the [100]
displacement switches direction twice as often as the [010] component and has half the
repeat distance (3ap) – see the schematic in Figure 49d.
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Figure 49: (a) Inset shows the [010] displacement map for the region shown in Figure 47a. An averaged line scan was
taken across this map and shown as a bar graph; (b) The average displacement directions from (a) mapped on the image
in Figure 47b; (c) Inset shows the [100] displacement map for the region shown in Figure 47a. An averaged line scan
was taken across this map and shown as a bar graph; (b) The average displacement directions from (c) mapped on the
image in Figure 47b.

To reproduce the approximate vectors for the A-site displacements, the [100] and
[010] components were combined to create ~<110> displacements (the components are
generally not equal so rarely are the resulting vectors along <110>, but this serves as an
approximation to help visualize the displacement directions). Figure 50 again shows the
original bright field image with the corresponding set of displacement vectors derived
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from the Z-contrast STEM images – the locations of the stripes in the bright-field image
are highlighted.
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Figure 50: (a) Bright-field STEM image of (NaLa)(MgW)O6; (b) A-site relative to B-site displacements vectors
overlaid on the approximate locations of the stripes shown in (a).

The derived vector directions represent evidence for collective ionic
displacements of the A-site cations. The Z-contrast from the A-sublattice is dominated
by the heavier La3+ cations relative to that of the lighter Na+ cations, so the displacement
vectors are likely driven by La3+ movement. The displacement data suggests a local
polarization forms along <110> due to these unit cell level displacements.
Figure 50b reveals that there are four possible polarization directions, [110], [110], [-110], and [-1-10]. Two types of boundaries then exist, 180° polarization reversal
boundaries (referred to as “180° boundaries” going forward) as well as 90° boundaries.
The 90° boundary positions coincide with boundaries between “black” and “white”
stripes – these are the locations of the previously identified tilt-twin boundaries. The
180° boundaries lie in the middle of each strip. Figure 51 combines all of these elements
schematically including the proper octahedral tilts and the location of the striped contrast
regions seen in bright-field (S)TEM images (for example, see Figure 50a). The 90°/tilttwin and 180° boundaries are shown as blue and red dashed lines. The 180° boundaries
appear to form periodically with the same repeat distance as the tilt-twin boundaries and
are seen every 6ap. However they are located in the center of each stripe, 3ap from each
tilt-twin boundary.
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Figure 51: Schematic representation of the unit cell level polarizations (black arrows) due to A-site ordering coupled
with an a-a-c+ octahedral tilt system that drive rare earth displacements along ~<110> . 90° and 180° boundaries are
represented by blue and red dashed lines respectively. Stripes of dark and light regions are also shown in respect to
their locations seen in bright-field TEM images.

Because correlated A-site displacements are apparently important in the striped
(NaLa)(MgW)O6 system, a detailed analysis of the local A-site positions was also
conducted on the (Na0.8Nd1.07)(MgW)O6 checkerboard composition. The Z-contrast
image used for the analysis is shown in Figure 52a, and the resulting [100] and [010]
components of the displacements are mapped in Figure 52b and Figure 52c respectively.
In both maps, two-dimensional patterns of triangles corresponding to correlated periodic
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displacements along +y (white), -y (purple), +x (purple), -x (white) form in a very
periodic fashion. The average magnitude displacement of the A-site relative to the B-site
was +/- 0.077Å along [100] and +/- 0.090Å along [010], which equates to ~0.12Å along
<110>.

Figure 52: (a) High resolution Z-contrast image for (Na0.8Nd1.07)(MgW)O6 showing a two-dimensional array of bright
spots. Calculated A-site displacement vectors based on B-site locations are split into their components along [100] and
[010] and mapped in (b) and (c) respectively.

The [100] and [010] components were again combined and mapped giving what
are approximated as <110> displacements (shown schematically in Figure 53a). If the
movements are due to A-site movement, the contrast is again dominated by the rare earth
species, i.e. Nd3+, and suggests local polarizations are present. The displacement vectors
form along the same four variants: [110], [1-10], [-110], and [-1-10]. Both 180º and 90º
boundaries are revealed by comparing the different polarization domains (Figure 53a,
blue and red dashed lines respectively). The 90º boundaries are oriented along [100] and
[010], while the 180° boundaries are formed with a <110> orientation as opposed to the
[010] orientation found for (NaLa)(MgW)O6.
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The bright higher Z regions from Figure 52a are then located at positions where
the vectors are all pointed outwards (yellow spots in Figure 53a). The higher Z regions
are only located at half of the 90º boundary intersections. This figure also highlights the
location of the dark and light square regions that make up the checkerboard pattern
observed in bright-field TEM images.
In Figure 53b the octahedral tilt pattern is added to the modulations, which when
altered by the 90° and 180° boundaries, creates the unit cell level polarizations shown as
small black arrows. In this figure the length of the arrows, which represent the
magnitude of the polarization vector, are not based on experimental data and are only
approximations. Finally, the 180° boundaries are shown as having a finite width
(outlined in blue) as that provides better agreement with the contrast observed in TEM
images and may contribute to the explanation for the varying 6x7ap and 8x7ap sized
regions.
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Figure 53: (a) Schematic representation of the overall polarizations seen in the (NaNd)(MgW)O6 system. The black
arrows represent the directions derived by analysis of Z-contrast images. By then comparing the vector locations to the
Z-contrast image, the yellow dots were added to represent the locally increased Z regions. The directions of the
polarizations indicate the existance of 180° boundarise and tilt-twin boundaries shown as blue and red dashed lines
respectively. The checkerboard pattern seen in bright-field TEM images is also added; (b) (a) but with individual unit
cell level polarization vectors added (black arrows) to create the polarized regions.

A third system, (NaLa)(CaW)O6, was also investigated by collected high
resolution Z-contrast images acquired using an FEI Titan aberration-corrected
microscope. For (NaLa)(CaW)O6 a one-dimensional striped modulation with a [110]
orientation was observed in the conventional TEM and Z-contrast images (shown
previously in Chapter 8).65 Figure 54a shows a high resolution Z-contrast image taken
along [001]; thin lines of higher intensity with a width of two to three unit cells are
apparent. The intensity of the A- and B-site columns was again measured independently
for the region shown in Figure 54b. By treating the A- and B-site columns independently
the compositional modulation was determined to occur on the A-sites (see Figure 54c).
Following the same procedure used for the other systems, a unit-cell mapping of
the A- and B-site columns was created to identify any local ion displacements. Figure
54d and e show the displacement maps for the [100] and [010] components of the
measured displacement vectors. In both directions striped contrast is again apparent and
consistent with an ~<110> displacement of the A-site cations. In this case, the resolution
of the image is not high enough to conclude the precise vector relationships, however it
appears that 180° boundaries form at the regions where the A-sites have higher Zcontrast. Therefore, the 180° boundaries appear to lie along the same orientations
observed in (Na0.8Nd1.07)(MgW)O6, but with a one-dimensional rather than a twodimensional pattern.
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Figure 54: (a) High resolution Z-contrast image of (NaLa)(CaW)O6 showing thin stripes of higher Z with a <110>
orientation; (b) High resolution Z-contrast image used for analysis in (c)-(e); (c) A-sublattice intensity showing a
modulation in intensity matching well with that of (a); (d) [100] component of the A-site displacement vector; (e) [010]
component of the A-site displacement vector.
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In summary, high resolution Z-contrast imaging was used to investigate the local
compositions of four systems, (NaNd)(MgW)O6, (Na0.8Nd1.07)(MgW)O6,
(NaLa)(MgW)O6, and (NaLa)(CaW)O6. While (NaLa)(MgW)O6 shows no clear
evidence that compositional modulations accompany the structural superlattice, the other
systems show clear evidence for periodic compositional segregation and appear to
indicate that small deviations from stoichiometry observed by XRD result from a nonstoichiometric nanoscale modulation. In each system the compositional modulations are
isolated to the A-sublattice, no evidence was found for non-stoichiometry on the B-site
lattice.
The resolution of the Z-contrast images also allowed quantification of small ionic
displacements of the A-site columns from their ideal positions. The contrast from the Asite column is dominated by the rare earth elements due to their high Z value compared to
the Na alkali. By mapping these displacements it is clear there is a local correlation in
the direction of the ionic displacements. Furthermore, these regions of correlated
movement appear to be periodically twinned and form a repeating domain structure
where the polarization is systematically rotated.

9.1: Domain Structures
Through the work presented in this thesis and published studies by other authors
the structure of several members of the (A+RE3+)(B2+W6+)O6 family have now been
investigated using TEM, HRTEM, Z-contrast imaging and/or neutron diffraction. Using
TEM imaging periodic structural modulations have been observed in (NaLa)(MgW)O6,
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(NaNd)(MgW)O6, (KLa)(MnW)O6, (NaCe)(MnW)O6, (NaPr)(MnW)O6, (KLa)(CaW)O6,
(NaLa)(CaW)O6, and (Na0.8Nd1.07)(MgW)O6. Several of these were previously examined
by neutron diffraction and showed evidence for several additional reflections that could
not be accounted for by a P21/m tilting structure and arise from the nanoscale
modulations. These are summarized in Table 2.38,39

Table 2: Lattice parameters and tolerance factors for select systems.11,38,39,43,57,65
τ

-

Space
group
P4/nmm

0.970

Neutron extra
reflections?
Yes

TEM
Modulations?
Yes

7.9927

-

P4/nmm

0.924

-

Yes

-

7.9803

-

P4/nmm

0.929

-

Yes

5.777

5.773

8.354

89.90

P21/m

0.932

-

Yes

(NaLa)(CaW)O6

5.668

(NaLa)(ScNb)O6

7.982

5.767

8.242

90.32

P21/m

0.892

-

Yes

7.9816

8.0253

90.01

C2/m

0.938

Yes

-

(NaLa)(MgW)O6

5.5277

5.5266

7.8977

90.14

P21/m

0.953

Yes

Yes

(KLa)(MgW)O6

7.911

7.8726

7.9795

90.00

C2/m

0.995

Yes

-

(NaNd)(MgW)O6

5.475

5.4868

7.8622

90.11

P21/m

0.937

Yes

Yes

(NaNd)(CoW)O6

5.4788

5.5098

7.8533

90.14

P21

0.931

Yes

-

(NaLa)(MnW)O6

5.5857

5.6026

8.0313

90.22

P21

0.928

No

-

(NaNd)(MnW)O6

5.5101

5.5948

7.9861

90.36

P21

0.913

No

-

(NaTb)(MnW)O6

5.4228

5.5822

7.922

89.65

P21

0.906

No

-

Compound

A

B

C

β

(KLa)(MnW)O6

5.6602

-

8.1213

(NaCe)(MnW)O6

5.5716

-

(NaPr)(MnW)O6

5.5583

(KLa)(CaW)O6

There are only three systems in this family where the neutron diffraction profiles
show no additional reflections and no evidence for modulations ((NaLa)(MnW)O6,
(NaNd)(MnW)O6, and (NaTb)(MnW)O6). In each case the diffraction data for these
systems show excellent fits to a non-centrosymmetric P21 structure with a-a-c+ tilting.
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Table 3: Refined atomic parameters for the A+ and RE3+ A-site cations for three compounds.38
Compound

Na+ (x)

Na+ (y)

Na+ (z)

RE3+ (x)

RE3+ (y)

RE3+ (z)

(NaLa)(MnW)O6

0.2514
(0.008Å)
0.2426
(0.041Å)
0.2493
(0.004Å)

0.2289
(0.118Å)
0.2192
(0.172Å)
0.1946
(0.310Å)

-0.0008
(0.006Å)
0.0010
(0.008Å)
0.0000
(0.000Å)

0.2556
(0.031Å)
0.2577
(0.042Å)
0.2631
(0.071Å)

0.2755
(0.143Å)
0.2907
(0.228Å)
0.2858
(0.200Å)

0.4984
(0.013Å)
0.5012
(0.010Å)
0.5008
(0.006Å)

(NaNd)(MnW)O6
(NaTb)(MnW)O6

As reviewed in the introduction for (NaLa)(MnW)O6 (section 2.2.4), recent work
has shown these systems are improper ferroelectrics. The unusual combination of an a-ac+ tilt system and layered A-site order produces a bulk ferrielectric polarization. For
these systems, the coupled action of the a-a-c+ and a0a0c+ rotational modes induces an offcentering of the A-site ions. This is shown schematically in Figure 55a in which the A+
and A3+ cations, represented by blue and red spheres respectively move in layered (001)
sheets in opposite directions along [110]p and [-1-10]p, which corresponds to the b-axis of
the √2x√2x2 monoclinic cell. The refined coordinates for the rare earth and sodium
positions in (NaLa)(MnW)O6, (NaNd)(MnW)O6, and (NaTb)(MnW)O6 are summarized
in Table 3. In this space group the ideal “centered” position for the rare earth is located
at (0.25, 0.25, 0.5) and for sodium at (0.25, 0.25, 0.0). Table 3 also includes the
magnitudes of the rare earth and Na+ displacements; these occur in the b direction of the
supercell (which corresponds to the <110> directions of the perovskite sub-cell) and for
the rare earth are on the order of ~0.15-0.20Å along +y, and smaller movements of Na+
(0.1Å for La3+) along –y. Because of the difference in the charge of the cations and the
different magnitude of the displacement the correlated movement produces a polarization
with a vector along the direction of the rare earth cation movement (see Figure 55b). For
(NaLa)(MnW)O6 the polarization was calculated to be ~16 µC cm-2.48,54
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Figure 55: (a) A-site movements of A+ and A3+ cations (blue and red respectively) along ~<110> relative to the BO6
octahedra framework (grey); (b) because the A-site cations are ordered in layers along [001], if the red cations move
more from their usually centered positions than the blue cations, a ferroelectric polarization will occur as indicated by
the white arrows.

For simple perovskites containing a single A-site cation and also many double
perovskites, a-a-c+ tilting is the most common;66 in fact more than half of ABO3
perovskites have this tilting scheme.67 Indeed the perovskite mineral, CaTiO3, has this
tilt scheme. However, because there is no A-site ordering, the layers of A-sites in those
systems are equivalent, the opposing displacements are equal in magnitudes, and the
structure is centrosymmetric with no overall dipole. Lufaso and Woodward have
reviewed the tilt schemes of all known perovskites and the tolerance factors of 173
systems that have a-a-c+ tilting all lie in the same range as all the (A+A3+)(B2+W)O6
compounds listed in Table 2 (Figure 56).66 Figure 56 also shows that the tolerance factor
can be used to estimate the expected off-centering of the cations.
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Figure 56: Tolerance factor vs. A-site fractional positions for a-a-c+ P21/n perovskites where the open diamonds are
based on experimental data and the fill circles are predicted values (graphs adapted from ref. 66).
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Until now all the nanomodulated A+/A3+ systems have been assumed to have a-ac0 tilting with a P21/m space group. This includes the earliest system found to show these
unusual complex modulations, (Nd2/3-xLi3x)TiO3. In that space group the rare earth
cations would remain centered and cannot displace. For (AA’)(BB’)O6 perovskites with
concurrent A- and B-site ordering, P21/m, P21, and C2/m space groups are all possible.
These correlate to a-a-c0, a-a-c+, and a0b-a0 tilt systems respectively and have all been
argued to best describe (NaLa)(MgW)O6.11,28,40,41 Most recently, with the addition of tilttwin boundaries it was argued that a0b-a0 was dismissed as a possible octahedral tilt
scheme because without any tilt about the a axis (100) tilt-twin boundaries are not
possible.41
The a-a-c+ tilt system (P21 space group) was rejected in favor of the a-a-c0 tilt
scheme based on the notion that such a pattern would cause severe octahedral distortions
at (100) tilt-twin boundaries.41 However, a-a-c0 tilting is only observed in a handful of
known compounds. A critical question is why the modulated systems should adopt this
scheme when the closely related non-modulated (NaLa)(MnW)O6, (NaNd)(MnW)O6, and
(NaTb)(MnW)O6 systems clearly adopt the expected a-a-c+ tilting. Because octahedral
distortions at the twin-boundary were the only grounds for avoiding the a-a-c+ tilt scheme,
we considered further the tilt-twin boundary interfaces and the issues surrounding the c+
tilt element.
First consider the case of an a-a-c+ tilt system with periodic tilt-twin boundaries
along [010], Figure 57 shows that every other octahedron would require a very small
elongation of the B-O-B bonds to remain connected. Further refinements with this model
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would be necessary to precisely estimate the distortions needed, but they appear to be
minimal. For a two-dimensional array of boundaries because of the symmetry of the tilt,
twin boundaries situated perpendicular to these would cause identical distortions.

Figure 57: Tilt system a-a-c+ with periodic tilt-twin boundaries spaced 4ap apart. The enlarged region on the right
shows the distortions associated with the tilting; the two red circles show that every other octahedra is not touching,
which would then require an elongation of the B-O-B chain of bonds.

The relative stability of the (100)p and (010)p boundary is in agreement with
calculations made for twinning in CaTiO3, which has the same a-a-c+ tilt pattern. Figure
58 shows this tilt-twin boundary for CaTiO3 where the boundary energetics were not
found to be prohibitive.68 Furthermore, in this work Salje and co-workers demonstrated
that the (100)p (or (110) in terms of the orthorhombic setting) tilt-twin boundaries induces
a local displacement of Ca2+ and the surrounding Ti4+ cations and produces a boundary
induced polarization in an otherwise non-polar material.69 Those calculations were
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recently substantiated by direct studies of the boundary using aberration-corrected TEM;
this was cited as an important example of a boundary-induced ferroic material.68

Figure 58: (100)p tilt-twin boundary shown for CaTiO3 (schematic adapted from 68).

If a-a-c+ is indeed the preferred tilt scheme for all the (AA’)(BW)O6 systems then
the ordered displacements reported earlier can be described in terms of a periodic
ferrielectric domain structure. However, those structures involved both “90º” (100)
twin/domain boundaries and (110) “180º” polarization reversal boundaries.
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Recently, Savytskii et al. reported a detailed analysis of a-a-c+ domain structures
observed in NdGaO3 which has a tolerance factor = 0.935 and is isostructural with
GdFeO3, a well-known structure with an a-a-c+ tilt system.70 In this work the 24
symmetry allowed domains were analyzed to aid the understanding of possible domain
wall orientations in these ferroelastic systems. One of the observed domain orientations,
with a (110)p (or (010) when referred to the P21 monoclinic cell) is shown in Figure 59a.
This boundary corresponds to the 180º polarization reversal shown in Figure 53. In
Figure 59a, the black arrows indicate the direction in which the Nd3+ ions are displaced
relative to normally centered A-site position. The notation used in Figure 59a allows for
a simple description of the tilt pattern observed; sets of three letters describe the
magnitude of tilt for each individual octahedron and each letter refers to the perovskite
axes. Following the Glazer tilt scheme, equivalent magnitudes of tilts are represented by
repeated letters and +/- superscripts denote the tilt directions relative to the pseudocubic
axis.
Figure 59b shows a three-dimensional model of the same tilt pattern and
highlights the A-site and octahedra located at the (110) boundary. In this model the
boundary has a width of one unit cell (shown in pink) and a local a0a0c+ tilt. The
boundary necessarily induces local distortions which are only evident when the model is
rotated (see Figure 59c where the red arrows indicate the regions where the octahedra are
not corner sharing and therefore distortions would be expected).
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Figure 59: (a) One of three tilt schemes observed in crystals of NdGaO3 (adapted from 70); (b) Three-dimensional
model representing the pattern shown in (a) showing no obvious octahedral distortions needed; (c) Model from (b)
rotated showing distortions are necessary with this structure as indicated by red arrows pointing at the mismatch.

The distortions of the (110) boundary are not insignificant and for single A-site
“simple” perovskites such as CaTiO3 or GdFeO3 are not typically observed, while the
(010) boundaries are common. However, because the strain at the (110) boundary
produces locally larger and smaller A-sites it was suggested they could be stabilized in
mixed A-site systems that contain multiple cations of different sizes.71 Support for that
argument was provided by TEM studies of domain structures of a multiple cation
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(La2/3Ca1/3)MnO3 system which also has an a-a-c+ tilt scheme. Analysis of tilt boundaries
revealed the existence of (110) boundaries. If the stabilization of the (110) boundary –
which we propose is a 180º ferrielectric domain boundary – requires two A-site cations
with different sizes, this could explain why the modulated stripe structures form for
(NaLa)(MgW)O6 where the radii of Na+ and La3+ are essentially identical. As shown in
Figure 51, that system appears to form a polar domain structure solely comprised of
boundaries oriented along (100).
To investigate the existence of strain in (Nd0.8Na1.07)(MgW)O6, the distances
between the A-site centroids were measured separately along [100] and [010]. Figure
60a shows the Z-contrast image and Figure 60b the corresponding variation in the A-A
distance along (100). Figure 60c highlights the approximate locations of the tilt-twin
boundaries (red dashed lines), 180° boundaries (blue dashed lines), and higher contrast
regions from Figure 60a (yellow circles). Comparison of Figure 60b and c reveals the AA (site) column distances are larger at the 90º tilt-twin boundaries and smaller at the 180°
boundaries; this is in agreement with the overall A-site displacements measured in Figure
52.
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Figure 60: (a) Z-contrast image for (Na0.8Nd1.07)(MgW)O6; (b) Unit cell map formed with refined A-site column
locations showing white vertical streaks along [010] and darker regions along <110>. White represents the largest A-A
distances, while black the smallest; (c) map from (b) with 90° (red dashed lines), 180° boundaries (blue dashed lines),
and approximate locations of increased Z from (a) (yellow circles).

The existence of an underlying a-a-c+ tilt system coupled with periodic tilttwin/90º domain boundaries (Figure 57) and 180° polarization reversal boundaries
(Figure 59a and b) would explain the polarization pattern observed for
(Na0.8Nd1.07)(MgW)O6 (Figure 53 and simplified in Figure 61). The black arrows again
represent the direction of the polarization measured for each triangular region, the red
dashed lines represent 90º domain boundaries where the tilt system is twinned and the
blue dashed lines correspond to (110) 180º boundaries that separate regions with an
opposite (110) polar vector. If this model is correct two-dimensional checkerboard
structures represent the first example of a periodic two-dimensional ferrielectric domain
structure.
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Figure 61: Schematic representation of the ferrielectric domain structure observed for the (NaNd)(MgW)O6 system.
The black arrows represent the overal polarization direction of each triangular domain as derived by analysis of Zcontrast images. The yellow dots represent the location of increased Z-contrast. The red and blue dashbed lines that
border each triangular region represent the 90° and 180° boundaries respectively.

For (NaLa)(MgW)O6, the combination of periodic (100) one-dimensional tilttwin/90º boundaries and 180° boundaries with a (100) orientation (Figure 62) also yield
good agreement with the observed ionic displacements in Figure 51. The [100] tilttwin/90º boundaries, highlighted with blue dashed lines, were already shown to have
small octahedral distortions. The red dashed lines highlight the 180° boundaries, local
distortions would certainly be present and similar in magnitude to those shown in Figure
59c. The bottom portion of Figure 62, however, shows that there are no distortions
present when the structure is viewed along [100]. The existence of polar domains that
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switch periodically would imply (NaLa)(MgW)O6 is a one-dimensional ordered
ferrielectric domain structure.

Figure 62: Proposed model for (NaLa)(MgW)O6 in which an underlying a-a-c+ tilt system is affected by periodic
90°/tilt-twin and 180° boundaries, represented by blue and red dashed lines respectively.

When Nd3+ replaces La3+ in (NaLa)(MgW)O6, the morphology not only changes
from a one-dimensional to a two-dimensional pattern but also induces compositional
segregation. While diffusion is required for compositional segregation, the polarization
rotations and formation of tilt-twin and 180º boundaries are all displacive. However,
while we have attempted to quench samples of (NaNd)(MgW)O6 to induce a change in
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the morphology no changes were observed in either the well-defined satellites in SAED
patterns or the concurrent checkerboard pattern in TEM images. It is interesting to note
that the one-dimensional and two-dimensional ordered domain structures are related.
In Figure 63, by starting with the one-dimensional pattern of polarizations and
boundaries, it is shown the structure can easily transform into the two-dimensional
checkerboard pattern through the insertion of an additional orthogonal twin boundary.
The second perpendicular twin mirrors the polarization directions and yields the
polarization orientations proposed for the two-dimensional structure (Figure 52). A key
modification, however, is the orientation of the 180º boundary changes from (100) in the
one-dimensional structure to an apparently more stable (110) orientation in the twodimensional checkerboard structure.
Also, this transformation offers an explanation as to why the bright spots in Zcontrast images form at every other tilt-twin boundary intersection. The transformation
causes every other tilt-twin boundary along [010] or [100] to be different so any
preference for Nd3+ to be at the center of the outward pointing polarizations, as has been
observed, will cause the observed pattern to form in Z-contrast images. Likewise, the
larger Na+ cations may also segregate towards the <110> 180° boundaries to help
stabilize them.
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Figure 63: The relationship between the polarizations and symmetry elements found in the one-dimensional
(NaLa)(MgW)O6 and two-dimensional (NaNd)(MgW)O6 systems. (a) Polarization directions due to A-site
displacements for (NaLa)(MgW)O6 shown as arrows. Tilt-twin and 180° boundaries shown as blue and red dashed
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lines respectively. Light and dark striped regions shown to match what is observed in TEM images; (b) By adding a set
of periodic tilt-twin boundaries horizontally to (a) and allowing for the 180° boundaries to rotate, the polarization
pattern for (NaNd)(MgW)O6 is derived.

A-site cation displacements in combination with 180° and tilt-twin boundaries
may explain the checkerboard and striped contrast mechanisms seen in bright-field TEM
images. However, a doubling of the (110) plane d-spacings observed in each of these
systems and remains to be understood.29,57,65 For (Nd2/3-xLi3x)TiO3, the doubling was
argued to arise from an antiferroelectric-type displacement of Ti4+ along [010] induced by
a movement of Li+ ions toward face centered positions. During the last week a different
model involving only Li+ movement has been published to explain the doubling of the
(110) plane d-spacings.72 The rare earth cation displacements observe in the Z-contrast
images of (Na0.8Nd1.07)(MgW)O6 would seem a likely source of the modulated (110)
plane spacings though these need to yield doubled spacings along both in plane directions
(see Figure 26a).
To better understand this feature, Fast Fourier transforms of the Z-contrast images
in Figure 52a were masked and the (½ ½ 0) satellites were used to highlight the doubled
fringes through an inverse Fast Fourier transform. The families of reflections (red
regions) used to create the resultant image are shown in Figure 64. The blue dots
highlight the regions with enhanced Z-contrast which are believed to be Nd-rich. The
resultant image from the transform is similar to the diamond-like contrast observed in the
thinner regions of the TEM images of (NaNd)(MgW)O6 and also resembles those
reported for (Nd2/3-xLi3x)TiO3 (see Figure 26 and Figure 11 respectively). The transform
reveals a clear antiphase relationship between the doubled (110) fringes in adjacent
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diamonds. The transform also shows the contrast is lost along the (110) boundaries that
separate the diamonds, which have a width of two to three unit cells. For a single
diamond region and centered blue spot, there is an obvious antiphase relationship with
the adjacent diamonds. Therefore, the bordering areas represent antiphase boundaries of
a finite 2 or 3 unit cell width.
Also clear in the image is that there are wavelike features along <110>ap. We
believe that this may indicate a displacive wave, which could then be the source of the
doubling of the (110) plane d-spacings. For example, correlations between the A/B-site
distances modulated periodically throughout the structure could create this feature. For a
single domain defined by an overall polarization direction (shown as triangles in Figure
53a), it is likely that the displacement vectors are not all uniform in magnitude. This was
shown schematically in Figure 53b where the unit cell level vectors were shown as black
arrows of varying length. If the magnitudes vary as described by a complex wave
pattern, the doubling may also result.
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Figure 64: Inverse Fast Fourier transform of a Z-contrast image of (Na0.8Nd1.07)(MgW)O6. Image formed using the
mask in the inset where the red dots represent the regions used (all other regions were subtracted with this mask).

Masked Fast Fourier transforms were also used to enhance the doubled (110)
modulations in (NaLa)(MgW)O6. Figure 65 shows the mask and the image from the
resultant inverse Fast Fourier transform. The image reveals the doubled fringes along
one (110) direction arranged in stripes; the orientation of the doubling reverses in
adjacent stripes. Again it seems likely the fringe doubling correlates with La3+
125

displacements that we propose are responsible for local dipoles. To this point the exact
relationship between the variation of the polar vector and the (110) modulation has not
been established. However it is proposed this involves a periodic modulation in the
magnitude of the unit cell dipoles within each polar domain.
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Figure 65: Inverse Fast Fourier transform of a Z-contrast image of (NaLa)(MgW)O6. Image formed using the mask in
the inset where the red dots represent the regions used (all other regions were subtracted with this mask).
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Chapter 10: Other Potential Considerations
The high resolution aberration-corrected Z-contrast images of (NaNd)(MgW)O6
and (Na0.8Nd1.07)(MgW)O6 (Figure 40a and Figure 43a) reveal a pattern of locally
increased and decreased contrast associated with periodic modulations in the local A-site
chemistry. The areas of increased Z-contrast are located at half of the sites of the (100)
tilt-twin boundary intersections. In the model developed to explain the displacements of
the A-site columns, these are sites located at the confluence of the four possible
orientations of the (110) ferrielectric dipoles with all of the vectors oriented away from
the point of intersection. No increased contrast is observed in the remaining (100)
boundary intersections, which are also the regions where the 180º polar domain
boundaries and (110) antiphase boundaries associated with the doubled (110) fringes,
intersect. The observed segregation presumably is directly related to the stabilization of
the boundary intersections. While local polarity could be an important factor other
features associated with these regions were considered. These systems are monoclinic
either with a P21/m or P21 symmetry depending on whether the octahedral tilt system is aa-c0 or a-a-c+. In both cases the monoclinic cell is based on a √2ap x √2ap x 2ap repeat and
a difference in the monoclinic a and b lattice cell parameters will produce a small
deviation of the in-plane a and b sub-cell angle from 90º. These deviations although
small in turn could be a source of local strain.
Periodic two-dimensional twinning of the monoclinic cell in the a-b plane
produces a supercell with orthogonal axes, however if the in plane angle for the sub-cells
is not 90°, to tessellate periodic regions of strain most necessarily result at the boundary
regions (see Figure 66a). The strain resulting from such periodic two-dimensional
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twinning is greatest at every other boundary intersection and would decrease
systematically along the connect twin boundaries. The inset shows the resultant
distortion of octahedra at a tilt-twin boundary required to accommodate an orthogonal
supercell.
In the relaxed structure the strain at these regions would presumably be disturbed
over other unit cells adjacent to the boundaries. Regions of minimal strain would then be
found at the other half of octahedral boundary intersections located at the midpoint of
each edge in Figure 66a. It is possible these periodic variations in the local strain
contribute to the driving force for their stabilization through local segregation of the rare
earth cation.

Figure 66: (a) A monoclinic cell is unable to fill space periodically if combined with two-dimensional tilting so a
distortion at the tilt boundary is necessary. The region inside the dotted line in the left image shows a gap, but the right
image shows more accurately how the octahedra would actually distort. The distortion would likely affect the
octahedra further than one unit cell from the tilt-twin boundary, but only one is shown here; (b) Schematic shows how
the cross-shaped pattern shown in Figure 43b results directly the distortion describe in (a).
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Another consequence of a two-dimensional twinning of the a-a-c+ tilt system in
(NaNd)(MgW)O6 is a change in the tilt at the twin boundaries and their intersections.
Because a (100) twin boundary reverses the direction of the in-plane (a-a-) tilting at the
boundary the local tilt is modified from a-a-c+ to a+a-c+ or a-a+c+ for a [100] or [010]
boundary orientation respectively. At the intersection of the two perpendicular mirror
planes the local tilt is further modified to a+a+c+ (see Figure 67).
Figure 67a, b, and c, reveal that within periodically formed a+a+c+ tilt intersections
the A-site can have one of three distinct local environments when the repeat contains an
odd number of sub-cells along both directions (the figure is drawn for a 14ap x 14ap
supercell comprised of 7ap x 7ap unit repeats). By instead forming alternating rectangular
regions comprised of odd by even sub-cell repeats (6x7ap and 8x7ap, which as shown
previously give the 14ap x 14ap repeat in (NaNd)(MgW)O6) it was found only two unique
environments are produced with each (001) A-site layer (see Figure 67e, f, and g). One
layer contains environments “2” and “4”, the other “1” and “3”. In environment “1” the
four coplanar oxygen anions within the (001) plane are significantly closer than the ideal
cubic perovskite aristotype, while in “2” instead they are farther away. It is possible
these also contribute to the local segregation.
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Figure 67: (a) a-a-c0 tilt system (shown instead of a-a-c+ to simplify the diagram) with two-dimensional tilt-twinning
every 7ap forming 7x7ap regions defined by dotted lines to represent local a+a+c0 at the tilt-twin boundaries; (b) The
intersection of the tilt-twin boundaries form local a+a+c0 tilt systems, which are shown enlarged and the possible A-site
environments are labeled in reference to (d); (c) The next a-b plane of octahedra above and below those shown in (b);
(d) For 7x7ap tilt boundaries, three different tilt schemes can form producing unique A-site environments; (e) a-a-c0 tilt
system with two-dimensional tilt-twinning alternating from 6ap and 8ap along [100] and remaining every 7ap along
[010] forming 6x7ap and 8x7ap regions; (f) For alternating regions only two different tilt schemes now exist per a-b
plane of octahedra; (g) The next a-b plane of octahedra above and below that shown in (f).
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Chapter 11: Summary and Future Directions
11.1: Summary
This dissertation focused on a unique family of mixed A-site
(A+RE3+)(B2+W6+)O6 perovskites that form unusual and complicated structures comprised
of periodic nanoscale modulations in composition, structure, and strain. After a literature
report of a one-dimensional, 12ap modulation in (NaLa)(MgW)O6, (NaNd)(MgW)O6 was
found to form a two-dimensional nanocheckerboard modulation with a 14ap x 14ap repeat
involving both structural and chemical modulations. While the results for
(NaNd)(MgW)O6 pointed to a checkerboard pattern comprised of 7x7ap squares, the later
observations using aberration-corrected microscopy supported a model where the
supercell was formed from 8x7ap units interspersed by 6x7ap “defect” blocks. The
imaging revealed other features that were similar to those reported in the nanoscale phase
separated system (Nd2/3-xLi3x)TiO3. For example the domains contained additional
doubled (110)p fringes, which had an antiphase relationship between adjacent domains.
Z-contrast imaging also provided support for some type of chemical segregation and
small deviations from 1:1 Na:Nd stoichiometry that was supported by x-ray diffraction
measurements.
Two previously unknown perovskites, (KLa)(CaW)O6 and (NaLa)(CaW)O6, were
prepared in which large Ca2+ cations were successfully incorporated onto the B-site. For
(KLa)(CaW)O6, an incommensurate modulation with a ~9.4x9.4ap repeat within the a-b
plane was observed by electron diffraction and a two dimensional checkerboard pattern
was found in the corresponding TEM images. Doubled (110) plane d-spacings and
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antiphase relationships between adjacent domains were again observed. (NaLa)(CaW)O6
instead showed a one-dimensional ~16(110)ap modulation. TEM images revealed the
nanoscale stripes are oriented along the <110> direction. This system has one of the
lowest tolerance factors (0.892) ever reported. Aberration corrected Z-contrast images of
this system revealed highly localized compositional modulations accompany the
formation of the ordered nanostructure with the boundaries containing higher fractions of
the larger Z, La component.
Three of the above systems, (NaNd)(MgW)O6, (NaLa)(MgW)O6, and
(NaLa)(CaW)O6 and one other sample, (Na0.8Nd1.07)(MgW)O6 were investigated by high
resolution Z-contrast imaging using aberration-corrected STEM. In contrast to
previously published reports, (NaLa)(MgW)O6 was not found to show any evidence for
compositional modulations. In contrast both (NaNd)(MgW)O6 systems and
(NaLa)(CaW)O6 showed clear compositional segregation on the A-site. The subangstrom resolution of the STEM images allowed characterization of small (~0.15Å)
correlated ionic displacements of the A-site columns from their ideal centered positions.
A model for these displacements was developed based on an a-a-c+ tilt scheme recently
found in the closely related, non-modulated, (NaLa)(MnW)O6 system. When combined
with layered A-site ordering of an alkali and a rare earth, this tilt system has been shown
to induce “improper” ferroelectricity and ferrielectric polarization from antiparallel
movements of the A+/A3+ cations. This model invoked the formation of periodic
ferrielectric domains with four possible in-plane (110) polar dipoles separated by a
periodic array of 90° (100) and 180° (110) domain boundaries.
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Finally, Fast Fourier analysis of the STEM images were used to investigate the
source of the doubled (110) plane d-spacings and associated antiphase relationships in all
of these systems. While more work is needed to understand these features, it was
proposed they are associated with a modulation of the magnitude and perhaps direction of
the unit-cell level dipoles.
It should be emphasized that several key questions remain to be answered, some
of which arose during the course of this work. For example, the source of the doubled
(110) plane d-spacings in TEM images is unknown. This feature was first observed in
(Nd2/3-xLi3x)TiO3 and is present in every other system discussed here. Is it possible to
predict the supercell sizes and structural/compositional morphologies present in each
system? Tolerance factor, for example, has been correlated to domain size,44 but it was
shown in Chapter 8 that such a simple relationship does not exist. Instead, with a
constantly growing list of systems in this family of perovskites these systems are shown
to be increasingly more complex.
While these questions remain, this thesis has contributed to the discovery of new
systems and to identify important structural and chemical factors responsible for their
formation.

11.2: Suggestions for future work
11.2.1: Investigate other a-a-c+ (AA’)(BB’)O6 perovskites
The recent identification of (NaLa)(MnW)O6 as an improper ferroelectric had a
strong influence on the models developed in this thesis for the modulated
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(A+A3+)(B2+W)O6 systems. Woodward et al. have shown only three members of this
family, (NaLa)(MnW)O6, (NaNd)(MnW)O6, and (NaTb)(MnW)O6, show no evidence for
unusual modulations in their neutron pattern and refine well in the non-centrosymmetric
P21 space group.38 These systems should be investigated by TEM to confirm they are
modulation-free and to investigate the “normal, aperiodic” ferroelectric boundaries they
would be expected to form.

11.2.2: (NaLaxNd1-x)(MgW)O6
It would be of interest to examine solid solutions of (NaLa)(MgW)O6 and
(NaNd)(MgW)O6 to understand how the transition from one-dimensional to twodimensional modulations could occur. Some preliminary investigations were made by
mixing (NaLa)(MgW)O6 and (NaNd)(MgW)O6 in equal proportions. The structure,
Figure 68, is essentially identical to that of pure (NaLa)(MgW)O6 and consists of onedimensional modulations. However, the spacing of the satellites indicates the modulation
is no longer commensurate and is incommensurate with ~11.5ap. Based on the high
resolution Z-contrast images shown previously for (NaLa)(MgW)O6, Figure 46, we
would expect no compositional modulation to be present, however detailed Z-contrast
studies should be made. Such a change could then provide enough driving force for a
compositional segregation.
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Figure 68: (a) SAED pattern for (NaLa1/2Nd1/2)(MgW)O6 taken along [001]; (b) TEM image corresponding to (a).

Because a one-dimensional modulation was retained in (NaNd1/2La1/2)(MgW)O6,
a composition closer to the two-dimensional Nd end-member, (NaNd3/4La1/4)(MgW)O6,
was also prepared. The SAED pattern of a grain, Figure 69a, shows a purely twodimensional checkerboard pattern similar to the pure (NaNd)(MgW)O6 end-member.
However, images of other grains in the same sample, Figure 69b, reveal variations in the
periodicity. The spacing of the satellites in Figure 69a corresponds to a 14x16ap repeat
whereas those in Figure 69b to a 16x16ap supercell. The inconsistencies between crystals
may imply further heat treatments are necessary, but also may be an indicator that these
systems are more than kinetically frustrated. The altered supercell size produces a
change in the checkerboard contrast; Figure 69d reveals an alternation of squares and
rectangles of different size, as highlighted with dark and light blue squares.
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Figure 69: (a) SAED pattern for (NaLa3/4Nd1/4)(MgW)O6 taken along [001]; (b) Same as (a) except acquired in a
different region thereby producing a slightly different supercell due to local variations; (c),(d) TEM images showing
two-dimensional checkerboard pattern.

Apparently the critical composition for a transition from a two-dimensional to
one-dimensional correlation lies between (NaNd1/2La1/2)(MgW)O6 and
(NaNd3/4La1/4)(MgW)O6. It would be interesting to fabricate new compositions between
the 1:1 and 3:1 mixes to determine if they form a structure where the two morphologies
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co-exist or produce a new morphology that acts as a compromise between the two
preferential modulations.

11.2.3: (NaNd)(CaW)O6
(NaLa)(CaW)O6 was reported showing a one-dimensional striped modulation
with a unique <110> orientation and a ~16ap repeat. While the tolerance factor is already
very low (0.892) some attempts were made to replace La3+ with Nd3+ and prepare
(NaNd)(CaW)O6 where t = 0.877. The PXRD pattern in Figure 70 shows the primary
phase is perovskite, but contains a significant amount of impurities (Na2WO4 and
Nd2WO6).
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Figure 70: XRD pattern acquired for (NaNd)(CaW)O6. The two highest concentration impurities, Na2WO4 and
Nd2WO6, are shown.

Because the main perovskite phase showed A- and B-site order, preliminary
observations of the perovskite grains were made by TEM. It is apparent (Figure 71a)
striped modulations along g110 are present and the repeat distance of the modulation
appears to be greater than (NaLa)(CaW)O6. A more quantitative investigation is
warranted.
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Figure 71: (a) SAED pattern of (NaNd)(CaW)O6 acquired along [001] showing signs of a modulation along g110; (b)
Corresponding TEM pattern (note that the SAED pattern was rotated).

11.2.4: Tailoring the high Z regions in (NaNd)(MgW)O6
As shown previously, localized regions of segregated Nd3+ are found in
(NaNd)(MgW)O6 although the nature of the driving force for the compositional
segregation is not fully understood at this point. It is possible other chemistries could be
tailored to stabilize the domain boundaries and their intersection points. One such
composition would be (NdLi)Ti2O6. An experiment was conducted on a mixture of
15%(NdLi)Ti2O6 – 85%(NaNd)(MgW)O6; the XRD pattern is as clean as pure
(NaNd)(MgW)O6. Attempts to increase the proportion of (NdLi)Ti2O6 from 15:85 to
25:75 yielded XRD patterns with impurities, however the main perovskite phase had
strong A- and B-site order and was studied briefly with TEM. As shown in Figure 72,
signs of a two-dimensional structural modulation are evident again resembling the
checkerboard patterns seen in “pure” (NaNd)(MgW)O6.
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This and the cleaner 15:85 composition should be studied further. Assuming a
two-dimensional modulation is observed, high resolution Z-contrast imaging should be
utilized to see if similar patterns of rare earth enhanced boundary intersections are
evident.

Figure 72: TEM image of 25%(NdLi)Ti2O6 – 75%(NaNd)(MgW)O6 taken along [001] showing signs of a twodimensional modulation resembling a checkerboard pattern.
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Preliminary work was also made on substituting Nd4/3Ti2O6 into
(NaNd)(MgW)O6. Phase pure samples of the combined xNd4/3Ti2O6 – (1x)(NaNd)(MgW)O6 were made with x as high as 0.25. These should also be investigated
by TEM.

11.2.5: Polarizations and compositional modulations in (KLa)(CaW)O6?
Structural modulations were shown to form in (KLa)(CaW)O6 by TEM imaging.
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However, no studies of this or the other K-based system have been made using

aberration-corrected STEM. It is likely the large difference in size of K+ and La3+ will
produce interesting segregation to the various boundaries in the system.

11.2.6: (KLa)(MnW)O6 – La4/3(MnW)O6 and (NaLa)(CaW)O6 – La4/3(CaW)O6 tielines
Our studies of x(NaNd)(MgW)O6 – (1-x)Nd4/3(MgW)O6 revealed changes in the
structural modulations and enhanced Nd segregation to the twin boundaries. It would be
interesting to conduct similar substitutions for (KLa)(MnW)O6 and (NaLa)(CaW)O6, by
mixing with La4/3(MnW)O6 and La4/3(CaW)O6 respectively.

11.2.7: (NaGd)(MgW)O6
This system was introduced in Chapter 6 and as shown in Figure 33, there may be
signs of a structural modulation. We have attempted to examine crystals of
(NaGd)(MgW)O6 in the TEM, but have not yet been able to make a sample with well
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oriented thin crystals capable of being characterized. To determine if a structural
modulation is present, more work needs to be done on preparing usable samples.

11.2.8: (KLa)(MnW)O6
While this system has been studied, it remains a candidate for high resolution Zcontrast imaging as was shown in Chapter 8. With this data, we propose repeating the
procedure in which A- relative to B-site displacements were measured to determine if
similar polarizations form in this system. It is potentially an interesting system also since
it was argued to be metrically tetragonal and so comparing it to another twodimensionally modulated system such as (NaNd)(MgW)O6 and the derived polarization
pattern would be informative.

11.2.9: High Temperature Neutron Diffraction and Synchrotron PXRD
High temperature PXRD was used to study (NaLa)(CaW)O6 (Chapter 7). It was
shown at ~1030°C the splitting of the fundamental peaks associated with the monoclinic
distortion of the cell and the intensity of the reflections associated with the A-site order
are essentially reduced to zero. During cooling, these various symmetry elements return
and the system likely loses its ideal stoichiometry to form the compositional modulations.
It is recommended high temperature neutron diffraction and synchrotron PXRD be
conducted on these and the other systems to fully quantify the transition temperature and
associate phase content.
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11.2.10: Multislice Simulations
One of the most important missing elements in our understanding of these
mentioned systems is the explanation of the doubled (110) plane d-spacings. As models
for these are developed it is critical the HRTEM and bright field STEM images of these
systems are simulated as a function of defocus and thickness using multislice methods.

11.2.11: In situ variable temperature TEM
All of the systems discussed in this dissertation are excellent candidates for
further study and characterization using an Ultrafast Dynamic Transmission Electron
Microscope (DTEM). Whereas classical resistive heating produces a significant loss in
resolution, this microscope utilizes a laser based system to allow for localized heating of
the samples. Just as with high temperature neutron and synchrotron diffraction
experiments, this work would provide more information about how the various structural
features form and at what temperatures. For example, upon heating the samples if we see
the doubled (110) plane d-spacing contrast disappears at a certain temperature, this data
could be combined with the results of high temperature synchrotron and neutron
diffraction to determine which structural feature is responsible.

11.2.12: Scanning Probe Microscopy
Through high resolution aberration-corrected Z-contrast imaging, unit cell level
ionic displacements were measured for (Na0.8Nd1.07)(MgW)O6 and (NaLa)(MgW)O6.
These displacements were modeled in terms of an ordered periodic ferrielectric domain
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structure. It would be interesting to study these structures using scanning probe
microscopy to see if the local polarizations in the domains could be measured. 180° and
tilt-twin boundaries are argued to form through the analysis of Z-contrast images, so if
the domains are large enough this technique may be capable of detecting the reversal of
polarization between adjacent domains.

11.2.13: Detailed dielectric measurements
Ab initio density functional theory calculations were used to calculate an expected
polarization of approximately 16 µC cm-2 for the (NaLa)(MnW)O6 system.48,54 Detailed
dielectric measurements would allow for the ferrielectric transition temperature to be
determined, which should then be compared to high temperature neutron and synchrotron
PXRD data to understand the concurrent structural transitions.

11.2.14: Raman Spectroscopy
Raman Spectroscopy has been used to study the local symmetry of perovskites.
This technique should be used to study both the modulated and the ferrielectric
(NaLa)(MnW)O6 systems and then compared to understand whether the model applied to
the modulated systems based on the (NaLa)(MnW)O6 symmetry is supported.
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